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I. Growth and characterization of high quality HgCdTe

Table I and Table II illustrate the best results obtained for MBE grown n- and

p-type layers in terms of carrier concentration and electron or hole mobilities.

Most of these layers have been grown after the starting date of the current

contract. An update of these data will be given when appropriate in order to

follow the progress that the group is making during the contract. It is important

to point out that even if these results are the best ever obtained in the laboratory

they are representative of our level of control concerning the growth. Numerous

layers with the same composition exhibit very similar results.

A new Hg cell, which is a prototype built by ISA - Riber is currently tested in

the laboratory. This cell that we have conceived gives a very stable Hg flux

during hours of growth. In table I and II it can be seen that thick layers can be

grown using this cell (Sample # 131-318, 2-310, 19405 for example)

Electron mobilities are above 1x108 cm2V-Is - 1 what is expected for a high

quality HgCdTe material with x of about 0.20.

Hole mobilities are very good in the 20% composition and excellent for layers

grown on CdTeSe substrate (1ph=840 cm2V-'s - 1 for x=0.31).

From our result It seems premature to draw a conclusion regarding the choice

of the substrate. Electron or hole mobilities are very similar whatever the substrate

used to grow HgCdTe.

Table III presents a comparison between (111)8 and (100) orientation. Once

again, the highest values obtained for electron mobilities are identical for both

orientation. However, due to the twinning problem frequently observed In the

(111)8, electron mobilities are In average lower for this orientation but, on the

other hand, we have demonstrated that the (100) orientation required more mercury

than the (111)B orientation.

Most of the layers reported in these tables have a carrier concentration Na-Nd

or Nd-Na in the mid or low l01scm- l range below 77K.

It should be noted that both mobility and carrier concentration values are

suitable for IR device application.
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II. MBE growth and Characterization of two-Inch diameter p-type Hg1 _xCdxTe

films on GaAs (100) substrate.

As the Molecular Beam Epitaxial (MBE) growth technique has continued to

improve for Hg 1 _xCdxTe films, the prospects for films of larger area have begun

to be explored. These larger area films are important for imaging arrays and will

be especially vital in the future for the efficient production of Hg1 _ x C d x T e

material. The growth by MBE of uniform Hgt.xCdxTe epilayer on a large substrate

is very difficult to achieve because of the non-uniform distribution of the fluxes

and on the non-uniform temperature of the substrate.

But above all, the main problem is due to the exponential change of the Hg

condensation coefficient with temperature. We have shown that for a given Hg

flux, a high quality monocrystalline Hgl-xCdxTe film can be grown in the (111)B

orientation within a narrow substrate temperature range (T max-T min) of about 10-

150C if the substrate temperature (Ts) is in the 180-1900C temperature range.

When T. is lower than Tmin the Hg in excess desorbs but twins, detrimental for

the electrical performance, are observed. When T. is above Tma x two possibilities

exist. If Ts is below 1900 C the To in excess leads to a polycrystalline material.

If Ts is above 1950C the excess of Te is reevaporated and the film still grows

monocrystalline, but an increase in the x-value of about 1.5 to 2% for each 10 C

increase in the substrate temperature is observed along with a large change in the

growth rate.

It is important to recall that a change in Ax of only ±0.001 is the objective

suitable to reach for infrared photovoltaic detectors operating with a cutoff

wavelength of 101pm at 77K. It is obvious that such a requirement cannot be

achieved If part of the substrate is above Tmax* Now if the substrate temperature

is between Tma x and Tmin (incidentally Tma x and Tmin values are changing over

the substrate since the Hg flux distribution is not constant) the epilayers will still

experience a change in the doping level and even in the conduction type.

To minim;ze these temperature variations the rotation of the substrate during

the growth can help but a precise temperature measurement of the substrate by a

thermocouple is hindered. In order to have an adequate control of the temperature

during the growth which can also give reproducible results an infrared pyrometer

has been used.
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The combination of flux distribution and substrate temperature variation makes

the growth by MBE of a large, high quality and uniform Hg 1 _xCdxTe film to be a

real challenge.

The film presented here was grown In the (111)8 orientation. The film exhibits

a uniform mirror-like surface. In order to ascertain the uniformity of this Hg1_xCdxTe

films over Its two-inch diameter surface area, Infrared transmission and Van der

Pauw D.C. Hall measurements were performed at several positions. The infrared

transmission spectra were measured at room temperature. The cutoff wavelengths

were In the 6 to 8 pjm region. The cutoff wavelength is defined as that for

which the absorption coefficient m is equal to 500 cm- ', where the formula for

the absorption coefficient Is at = -in (transmittance)/thickness. From the measured

cutoff wavelengths for each position on the two-inch diameter Hg 1 x CdxTe films,

the Cd concentrations (x) were calculated using Hanson et al.'s relation(7). Also,

from the interference spacing In the Infrared transmission spectrum the thicknesses

at these positions on the film were determined.

For the p-type film reported here the uniformity of the x-value proved to be

excellent, as illustrated In figure 1. The average value of x (denoted by x) was

0.22, while the standard deviation Ax = [r(x-x')2/n-11/2 was 0.0015, giving as a

measure of the composition uniformity Ax/x=0.7%. This Is an excellent result

since the goal required for IR detectors in terms of composition uniformity is

almost achieved on this two-inch diameter Hgl_xCdxTe film. This film Is entirely

p-type. Carrier concentrations (Na-Nd) and Hall mobilities are reported In Table

1. Na-Nd Increased by a factor of two from 2.6x1015 cm- at the edge of the

film, while pH Increased from 5.7x102 cmV-'s-' at the center to 6.2x102 cmIV-1s - 1

at the edge.

These variations are supposed to be due to a non uniform flux distribution and

a non uniform substrate temperature. A AT, of about 5C has been measured over

2 inches.

This result represents an important achievement for the future of IR detectors.

As an important comparison this result is as good as those reported for OMCVD

HgCdTe films grown on a surface area of only [xlcm2.
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Hgl-xCdXT* (111)8 grown on 2" G&As(100)-Sampl1 *583453
Ts -.195 "C

Thickness - 5.4 pm

X

Ac"

.222 6.72

,. cut-oft wavlength in pm at 300K

-0.22 0- 6.76 -. m

Xso" n-I* 0.015 S" o.o. pm

0-0.7%
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Table I - Hall measurements at B - 0.2 Tesla for two-inch diameter Hg 1 _xCdxTe(1 11)

film grown at 1900C on CdTe(111)/GaAs(100) substrate.

Sample #583453.x=0, y=0 Is at the center of the sample.

300K T(K) 40K
x y Conid. Md-Na PH when Cond. N N P v1 s1(mm) (mm) Type (cm'1 (cm2 V's-1) RH=0 Type (cm~ (cmVs)

0 0 n 2.1x101  6.4X10 3  90 p 3.6x1 01  5.7x1 0'

4 0 n 2.0x101  5.0X10 90 p 3.0x101 5 5.2X,10 2

7 0 n 2.lxlO' 6.3x10' 90 p 4.7c10'6 5.5X 102

11 0 n 1.9X101, 6.2x10 3  90 p 5.1x10's 5.7X,0 2

15 0 n i.9X10" 6.8x10' 90 p 5.6xl10o 6.5x1 02

18 0 n 1.8x101  6.8x102  90 p 7.2x10'6 6.2X,102

0 7 n 1.9x10' 6 .6 xi 0a 90 p 4.9XI01* 60OX10 2

0 15 n 1.8X10 1, 6.8x103 90 p 6.1x101 6.7X,0 2
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III. Doping

N-Type

We have shown in the previous DARPA contract (MDA 903-83K-0251) that indium

can be Incorporated as an active Impurity with a high electrical efficiency In

HgCdTe layers during the MBE growth.

Indlum is a very good n-type dopant:

(1) It has a high electrical efficiency (70 to 100%) and that without any

activation (see fig. 1);

(2) high doping levels up to 10"9cm -3 have been reached;

(3) high electron mobility of lxlOcm2V-ls - have been observed for doping

level of 2x10 1Ocm-;

(4) abrupt junctions can be grown (see fig. 1).

But indium presents a serious problem. Memory effect has been observed which

means that some residual Indlum (1011 - 101Gcm - s range) is found In epilayers

grown after In-doped epilayers have been grown. This effect is supposed to be

due to Indium-tellurium chemical reaction(s) taking place In different parts of the

MBE chamber. The compound(s) can later be reevaporated and dissociated if they

are hevied. Te, In and CdTe effusion cells hays been found to be the sources of

contamination along with the walls surrounding the effusion cells and the substrate

heater.

This problem has been worked out for months but no satisfactory solution has

been found, therefore another n-type dopant has to be Investigated.

P-type

Arsenic and Antimony

Group V elements can be Incorporated into HgCdTe as acceptors in substitution

of non-metal lattice sites using the liquid phase epitaxy. However, group V

elements have not been successfully Incorporated Into MBE grown HgCdTe layer as

acceptors. Both Sb and As have been tried and they behave as n-type dopants as
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Illustrated In Table IV and Table V.

A cracker cell has been used for As and Sb which means that the flux was

constituted by As4 + As2 molecules or by Sb4 + Sb2 molecules.

Some of the As doped h nrCdTe layers were annealed using the close tube method.

For these annealing a drop of Hg was used to control the Hg pressure and the Hg
temperature was kept higher than the sample temperature. Table IV shows the

electrical measurements of two As doped HgCdTe layers before and after annealing.

The annealing increases the As electrical activity as a donor, and not as an

acceptor, by a factor of 4 to 5.

Sample #508331 and 511334 which have been grown with the same As cell

temperature have about the same SIMS counts. But sample #511334 has a higher

carrier concentration (factor 2 to 3) both before and after annealing. Sample #511334

was exposed to UV light while growing and not sample #508331.

Thus it appears that when exposed to UV light the electrical activity of As in

HgCdTe Increases as a n-type dopant.

This is not completely surprising if we consider that As is Incorporated as a n-

type dopant because As-Te bonds are established in preference to As-Hg or

As-Cd. UV light is supposed to break Te 2 molecule (E-3eV) making Te even more

reactive with As.

These experiments do not conclude that As or Sb cannot be incorporated as p-

type dopants in MBE grown layers. SIMS analysis shows that only a few percent

of As or Sb are electrically active. In fact, if one considers the heat of formation

AHf of some tellurides it appears that AHf for Sb2Te is equal to -4.5 kcal/mole,

less than AHf of HgTe (-7.6 kcal/mole). No data have been found for As 2Te but

AHf should not be very different. This means that Sb2Te and As2Te are more

unstable than HgTe itself. It Is unclear yet how As or Sb are acting as donors

incorporated In Hg va, ancles or in interstitial sites. But it seems very likely that

they could be Incorporated as acceptors. A higher Hg flux, light, electron or ion

beams have to be Investigated.
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As-doped HgCdTe (111)B MBE layers

After

as-grown annealing

Sample x TAs cell(c) T HALL (K) cc(cm-3) p'H(cm 2 V's') cc PH

133 329 0.22 230 77 n-2.5x 10'4 7.0x103

8 326 0.22 0 30 p-1.8X10" 600

508 331 0.28 250 77 n-2.5x101 6 5.OxlOs n-15x101 ' 4.3x 10*

511 334 0.29 250 77 n-8.0x10'5 4.5x 10' n-3.8x10" 2.3x 10'*

(UV light)

509 332 0.29 0 30 p-3.0x101 ' 260
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Lithium

It has been shown that under regular MBE growth conditions As and Sb

are incorporated as donors In HgCdTe. Therefore in order to obtain p-type

HgCdTe layers incorporation of a Group I element was studied.

Lithium was the first element investigated. It is found that LI is Indeed

incorporated as an acceptor. Acceptor concentrations as high as 8xl 0cm-3 have

been achieved. An incorporation coefficient of LI close to one and almost a 100%

electrical efficiency for Li were observed in LI-doped Hg1 _xCdxTe epilayers grown

by MBE without any external activation. However, LI is found to diffuse rapidly

in MBE HgCdTe grown layers.

For more detail see the attached paper entitled "Electrical Properties of

LI Doped Hgl xCdxTe(100) by Molecular Beam Epitaxy which will appear in

Applied Physics Letters in December 1987.

IV. Hgl-xCdxTe/Hg._yCdyTe Heterojunctions Grown In Situ by MBE

Isotype n-N abrupt heteroJunctions where grown in situ by MBE on CdTe(-

111)//GaAs(100) combination substrates. The first devices tested had x = .18 on

the bottom and x = .26 on the top. All the electrical and optical characteriza-

tions were consistent with the presence of narrow and strong composition burst

right at the Interface. The RoA was lImited by the wide-gap side (see attached

publication entitled "Mercury Cadmium Telluride n-lsotype Heterolunctions

Grown In Situ by Molecular Beam Epitaxy."

The later devices grown with care to avoid the problem had drastically

different behavior. The compositions where slightly higher on both sides: x =

.22 for the bottom and .28 for the top. Strong rectification was seen with

quality factors varying from 2 at high temperatures to 2.5 at 80K (fig. 2). The

forward bias occurred when the top material was biased negatively. One device

had an RoA as high as 1e Qcm2 at 80K, but this value was only seen once. In

the average it typically reaches 10' at 80K (fig. 3). The activation energy of

Is/T2 varies from .1eV at high temperature to .06eV at 80K (fig. 4). the spectral

response shows a maximum at 8ljm wavelength, without sharp peak at short

wavelength as before (fig. 5). The capacitance measurements are unreliable

since the top material thickness was as small as .5tim, and the top contact is
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suspected to have a smaller area than expected. A low current density 10-2A/cm2

can blow the devices opened. These measurements are consistent with a Schottky

type behavior at the heterojunction, most of the depletion occurring in the wide

bandgap material, which is limiting the RoA. Thermionic emission is not the

only process involved in the transport since the quality factor is higher than 2.

This renders the barrier height determination unreliable, even if it seems consistent

with the expected bandgap difference between the two sides.

m
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V. HgTe-CdTe Superlattices: Hg incorporation In CdTe layers during MBE growth

It was shown In 1982 that HgTe-CdTe superlattices (SLs) could be grown by

MBE. But due to the noncongruent evaporation of Hg from HgTe, the Hg flux

must be maintained even during the growth of the CdTe layers. This means

that some Hg is incorporated in the CdTe during its growth. There are two

important questions that arise. First, how will this Hg incorporation affect the

bandgap of the SL. Second, how much Hg is in the CdTe.

We determine the period of the SL by the position of the X-ray satellite

peaks. The average Hg composition in the SL is then measured by EDS. The

period and the average Hg composition are then used to compute the individual

layer thicknesses if the percentage of Hg in the CdTe is known. Using this

method, for the same period and average Hg composition, as the amount of Hg

in the CdTe Increases several things will occur. First, the thickness of the HgTe

layers will decrease. This will tend to increase the bandgap. Second, the CdTe

will become HgxCdl.xTe with a smaller bandgap. This decrease In the barrier

height will tend to decrease the SL bandgap. Finally, the width of the HgxCd1 _

xTe will increase. This will have a small tendency to Increase the bandgap. The

total effect on the SL bandgap of all these changes would be small.

We have grown, with a Hg flux, thick layers of CdTe under the same conditions

as in our SLs [190 to 2000C on (11 1)B. The amount of Hg measured in the layer

by EDS was less than 5%. On a series of thin CdTe (111)B layers grown under

a Hg flux the amount of Hg was carefully measured by XPS. This Is done using

both the ratio of the peak areas and the difference in energy between the core

level and valence band maximum. For the growth conditions that we actually use

in our SLs, these results agree with those obtained for the thick layers. The

Hg Incorporation varies, up to 9%, depending on the growth conditions. This should

only slightly affect the characteristics of the HgTe-CdTe SLs and other micr-

ostructures, such as single and double barrier tunneling structures.

These results indicate that some Hg is incorporated* in the CdTe but that

under our normal conditions this amount is small. The Hg incorporation Is crystal

orientation dependent. For the (100) surfaces, about 15% Hg are observed for

growth conditions Identical to those used for the (111).

For more information see the attached paper accepted for publication in

Applied Physics Letters (Nov. 1987) entitled "Hg Incorporation in CdTe During the
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Growth of HgTe-CdTe Superlattices by Molecular Beam Epitaxy."

VI. A review paper on Hg-based, microstructures is attached here. Most of

the results presented in this paper have been obtained under DARPA

sponsorship.

L...



Electrical properties of U-doped Hg., CdxTe(1O0) by molecular beam
epitaxy

P. S. Wijewamauriya, I. K. Sou, Y. J. Kim, K. K. Mahavad, S. Sivananthan,
M. Boukerche, ard J. P. Faurie
Department of Phsics. Univityi of Illinois at Chicago Chkicaa Illinois 60680

(Received I July 1917; accepted for publication 12 October 1987)

p-type doping of HgCdTe( 100) layers with lithium during growth by molecular beam epitaxy
is reported. Hall measurements have been performed on these layers between 300 and 30 K.
The Li concentration is found to increase with the Li cell temperature. Li-doped HgCd'e
layers are estimated to have very shallow acceptor levels. Acceptor concentrations as high as
8x 10"8 cm - I have been achieved. At low doping levels, due to residual donors, layers show
compensation. Incorporation coefficient of Li close to I and almost 100% electrical efficiency
for Li in molecular beam epitaxy HgCdTe layers were observed. However, Li is found to
diffuse rapidly in HCdTe layers grown by molecular beam epitaxy.

Over the past ten years Hg,-.Cd.Te(MCT) has secondary ion mass spectroscopy (SIMS) technique was
emerged as an important matera for infrared (II) detector used to obtain the concentration profle of iU atoms through
technology. MCT was grown by molecular beam epitaxy the layers. Siace we did not have a standard sample contain-
(MBE) on CdTe substrates for the first time in 198 1. 'Since inlg Li, we were not able to relate the number of counts from
then, this technique has produced MCT layers of either n or the SIMS to the actual Li concentration. Therefore, all SIMS
p type and of a quality compmable to the layers grown by data are given in arbitrary units, but a relative comparison is
other techniques. However, very little information exists on significant. The carrier concentration and the Hall mobility
the incorporatiom of foreign elments in MBE grown epitax- in the layers were evaluated by the Ve der Pauw technique
ial layers. Recently, successfiJ u-type doping of MCI layers between room temperature and 30 K. A AuCI3 solution was
with indium during growth by MBE was reported.2 Carrier used to form ohmic contacts, and the ohmicity of the con-
concentrations of two orders ofmagnitude more than what tacts was checked systematicaUy. A magnetic field strength
can be achieved by stoich etry deviation have been of 20000 was used for the Hall measurements.
reached for MBE layers grow. in the (II)B orientation. Electrical measurements of the I.-doped MCT layers at
Antimony and arsenic (group V elements) act asp-type do- 40 K are summarzed in Table I. Fqgure 1 shows the vast-
pants in MCT using other growth techniques" such as liquid ation of the carrier concentration (deduced from the Hall
phase epitaxy. But in the cse o MME grown MCT layers, coeffickt) ves 1000/T(K) for three samples. A typical
both Sb and As behave as n-type dopents. In the cas of freeze-out behavior cannot be seen for the larger doping 1ev-
(100) orientationonly n-type MCr with doping levels rang- els. Tis happen even with mid 10" doping levels and
ing from 10"1 to mid- 10" cm- 3 can esily be produced by above. Such an effect has been reported previously for phos-
stoichiometry deviation forx <035. p-type (100) is difficult phoni..' Furtbesior it can be seen from the Apura that the
to achieve for x < 0.24.' Therdwe, in order to obtain ptype mixed conduction n-p transition region diminishes when
MCr layers in the (100) oriion, incorporation of for. the doping level increases. For the higher doping levels, the
eign elements in group I was stdied. I behaves as a p-type carrier concentration is independent of temperature, indi-
dopant, as expected. Here, we qpxrt results on Li, the first cating that electrically active acceptors are completely ion-
impurity succealfly nMcp " as an electrically active ized. The total amount ofelectrically active Li concentration
acceptor in MBE grown MCT lyers.' In this letter, we pres- in the samples was determined from the low-temperature
ent electrical properties of Ti(-doped mcF( 100) MBE carrier concentration dat
layers studied by variable temprature Hall meaurements. The only layer (sample No. 1) which shows the freeze-

MCIlayerswere grown ,aRib. 2300MBEn achine out behavior has been analyzed numericallys using the
which is daiped to handle mrcury. MCT layers were chage neutrality equation:
grown on 2-3jAm thick CdTe Ueer layers which were de. n + N ;-p + N",
posited on OaAs( l00)-anbtv. The growth was moni-
tored by reflection hih-an electron ditat where n, p, N*t,and N;' are the concentration ofelectrons,
(MUIED). The growth rate w 4-5 A/s. Li was provided holes, ionized donors, and ionized acceptors, respectively.
by a separated eftion call lod with pun LA Since it a a For the doo plete ionization assumed and the con-

very ractive material peat cm has been taken when lWd- cenration of oniz acceptors is given by
ing it into the growth chambu.. This was done in an iert N.
atmosphere. The L. cell tempemure range was 205-210 C. N.- I +
The Cd compoition in the MCT layers was determined at
room temperature by infrared tranmissio measurements where x, is the reduced acceptor level with respec to va-
and by energy dispersive speovscopy measurements. The leace bad and il/ is the reduced Fermi level.

2026 Ag. Pyg. Let. 61 (24). 1te Oseber 1967 00O3C491/87/502025-03001.00 0 1907 Anmicen itUt of Physcs 2025



TABLE 1. Electncal measurements of fithium-doped MCT at 40 K. Samples No. 6 and No. 
7

represlit u-ype M BE grown MICT 100)

Sample Thickam Cd compositon N - N MONlbty at 40 K LU cei temp.
No. (Mm) (%) (X lo icmi ) (cm2/vs (C)

I 1.61 25 +0.64 370 20S
2 1.38 17 + 52.00 360 219
3 2.16 20 + 200.00 330 245
4 2.18 23 + 800.00 330 282
5 1.92 21 + 440.00 340 270
6 1.00 20 -1.00 30x 0' "

7 6.20 19 - 1.00 2.4x I0 ..

From the Kane model' for nonperabolic bands, samples at 40 K does not vary drastically with the hole con-

K T 3 )3/2 f + x1 2(x + x,) I2 (2x + x.) centration Doping levels as high as 8X 10" cm - 3 were
n 2P' ) 1 + exp(x -x1 - dx, achieved. At low doping levels, experimental results indicate

V2 0 1 +expx + , -if)a large degree of compensation in the layers, since along the
where Pis the momentum matrix element of the Kane model (100) growth orientation, only n-type MBE grown
and x, is the reduced energy gap. For the band gap Ea, an MCT(100) layers are currently achieved by stoichiometry
empirical equation is used from Ref. 10. Since the equilibri- adjustment (see Table 1). This large degree of compensation
un concentration of light hole is negligible, p is the heavy- accounts for the limitation of the hole mobility at low doping
hole concentration. Parabolic band with Fermi-Dirac statis- levels.
tics is assumed for the heavy holes. Since the mixed Figure 3 shows the concentration of Li atoms in the
conduction dominates at high temperature, the concentra- MCT layers calculated from the incident flux and from
tion is deduced from the following equation: growth rate (assuming unity sticking coefficient) versus

c.c. = (p + nb)2/(p _nb 2), l000/T(K), where T is the Li cell temperature. The carrier
concentration N- N, (extracted from Hall measure-

where b is the ratio of electron-ic-hole mobility and is given ments) and the SIMS iU counts are also plotted in Fig. 3. By
by comparing the concentration of electrically active Li atoms

b =. / T = r m/m'*. in the layers from Hall measurements and the concentration

where m* 3 #E/4P' , mt = 0.63m,,," and p of Liatomsincorporated into layers calculated from the inci-

f8X lO aeV cm." When callatin&N., N, r, and E. dent flux, it can be sea that there is good agreement within

were adjusted to givt the best At for the experimental carrier the experimental error. At this range of doping levels. N,
concntration dam. The solid line in Fig. I is the best at. ft - N, extracted from Hall measurement is approximately

wasobtained with N. = l.89X 10,,cm-3, Nd = 1.05 X 10ko equal to the acceptor concentration N., since residual donor

cm -3, r 0.24, E. -8.3 meV, and C Cosit 3 concentration is of the order of 10 cm- 3 Therefore this

=25.8%. agreement is an indication that altmost 100% of the Li is

Figure 2 shows mobility verm doping concentration at electrically efficient, and also that the incorporation of Li in

40 K. It can be seen that the hole mobility in the Li-doped MBE prown MCT layers is close to I. As can be seen from
Fig. 3, the SIMS data fall on a straight line, indicating that
the number of Li atoms incorporated into the samples de-
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1o-2 a p-type dopant in MBE grown Hg, CdTe( 100). This
represents the first successful attempt to incorporate electni-

o cally active acceptors during MBE growth. These Li-doped
n MCT layers have been estimated to have very shallow accep-

4 6 tor le/els for sample No. 1, which showed the freeze-out.
The calculated activation energy was S.3 meV. Using Li as a

17. p-type dopant, carrier concentrations up to 8x 10"1 cm-
3

V 10 -10 4 have been achieved. At low doping levels, layers show com-
S pensation due to the residual donors from stoichiometry de-

ioe 0 4  viation. The doping level in the samples can be controlled by
varying the Li cell temperature. An incorporation coefi-

1 5 103 cient of I and almost 100% electrical efficiency for Li in
1. 1.? . s 1.2 MBE grown MCT layers were observed. However, the

SIMS proile indicates that Li is highly mobile in MCT lay-
1000/tl(KI ers. This represents a limitation in the use of this element,

FIG. 3. L counts (0) obamned by SIMS in the laye. N. - N, (cm-') especially for abrupt heterojunctions.
from Hall m emts, (3) and Li concenttion (cm-') calcuIa We wish to acknowledge 0. Monfroy for performing
from the icinet hi (A) vs recpriocal of the L cel teinsture. the energy dispersive spectroscopy measurements for some

of the samples, and Z. Ali and A. Farook for their technical

creass exponentially with the reciprocal of the Li cell tem- assistance. This work was funded by the Defense Advanced

perature. Sample No. 1, which has the lowest L; cell tem- Research Project Agency and monitored by the Air Force

perature, exhibits a large discrepancy between Li Office for Scientific Research under contract No. F49620-

concentration as calculated from the incident flux and as 87-C-0021

measured from Hall measurements. This discrepancy is due
to the compensation in the layers because the level of electri- 'J, P. .ure -M A. Million. J. Cryu. Orowh ft 532 (19 1).
cally active impurities(Li) is not much larger than the in- 'M. aukercha, J. Itmo, 1. K. So. C. Hsu, and J. P. Fauna. Appl. Phys.
trinsic donors. Let U, 1733 (1956).

In order to investigate the difisivity of Li, a sample P Cappw. J. Cryst. Growth 57, 210 (1982).
i. P. Faut, DARPA I- VI Marial a Ptocamag Confere Wash-

consisting of a nondoped MCT layer (0.93 jim thick) on top mrtn Aprd 1917 (unpubllst! rnks)
of a Li-doped MCT layer (0.93 pm thick) has been grown. 'I. M. Arias & H. Shia, J. T. ChN, S. Sivamanthan. J. RAM ad J. P.
From the SIMS p e of this sampe, Li can be seen in the Faue, J. Vac. ScL TechnoL A S 3133 ( 97).FL J. van der Paus, Philips Tech. Rev. A 220 (1958).undoped layer in amounts comparable to that in the inten- ,H. I. Vydysmth. . C. Abbot. and D. A. NeM. J. Appl. Phys. 54 1323
tionally doped one. This indicates that Li is highly mobile in (1983).

MCr layers grown by MBE At this point, we have no evi- 'M. Doulhteche P. & jWq annaya, J. I 1. L Sou. a J. P Fauna,

dence from SIMS data that Li is diffusing in CdTe buffer I. Vm. S&. TechioL A 42072 (1936).
'EO. Kme, J. Phys. Chm Sob L 249 (1957).layer and substrate. 'E Fakm and S. E, Schacham J. Appl. Phys. 5K 239 (19 4).In conclusion, we have demonstrated that Li behaves as "E. Finkinsa, J. AppIl. Phys. 5t 1 133 (1933).
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Mercury cadmium telluride n-isotype heterojunctions grown in situ
by molecular-beam epitaxy

M. Boukerche, I. K. Sou, M. DeSouza, S. S. Yoo, and J. P. Faurie
Department of Physi" Univcnaiy of IllinoiS a Chicago, Chicago, lllinois 60680

(Received 10 November 1986; accepted 7 May 1987)

Electrical characterizations of the first n-N HgCdTe heterojunctions grown in situ by molecular-
beam epitaxy are reported. The cadmium concentrations of the two materials are 0.18 for the
bottom layer and 0.26 for the top. The measurements by Hall, IV, CV, and spectral responsivity
are consistent with the existence of a conduction-band barrier at the interface behaving as an
insulator at ow temperature. We suggest that transient effusion cell fluxes occurring during
shutter sequencing created such harriers at the heterojunction interfaces during the growth. The
high R,4 (600 flXcm2) measured suggests that this effect might be of interest for future
heterojunction gate field-effect transistor investigations.

I. INTRODUCTION er could explain their low barrier height value. We suggest

The Hg, -_ Cd, Te (MCT) tereary alloy is currently the that interdiffusion effects might have played an important

most ;mportant material for infrared applicauons in the role. In any case, most of the band-gap difference should

8-12 Am wavelength range. It is also used for the 3-S pim appear in the conduction-band discontinuity.

window and considered for the optoelectronic range. This The molecular-beam epitaxy (MBE) technique is now re-

material can be grown for any cadmium composition x cognized as a possible choice for the growth of MCT on

between 0 and 1. and can then be considered as a solid solu- CdTe and GaAs.9"10 Its low growth temperature (190 C)

tion. The corresponding forbidden energy gap can be varied minimizes the interdifiion effects and allows abrupt inter-

continuously between - 0.22 ad 1.6 eV at 80 K. These faces to be produced in thin epitaxial layers like superlat-

uruque properties plus the fact that the lattice mismatch tices. Several abrupt n-isotype heterojunctions between two

between the extreme compositios is only 0.3% make this narrow-band-gap compositions were grown for the first time

ternary semiconductor material very attractive for hetero- in order to observe the transport properties of the electrons

junction investigations. The maim motivation for such stud- through the expected conduction-band discontinuity on the

ies is to improve existing detectorperformances by tailoring wide-band-gap side. We present here the characterization of

wavelength response, decreasing parasitic currents, and in- mesa devices fabricated from these first samples.

creasing minority-carrier coectim efciencies.
LoVecchio et al.' studied the ae of back-to-back MCT II. EXPERIMENTAL

(x = 0.2)/CdTe heterojunctiom. They concluded that a va- The junctions were grown on CdTe(l I I)//GaAs(100)
lence-band barrier was present im the devices. n/p MCT substrates with a Riber 2300 system modified to handle mer-
heterojunction photovoltaic devic were demonstrated by cury. Both sides of the junction were doped n type with indi-
Bratt.' In certain cases, barrier fomtion was also reported. um as previously described." The narrow-gap side was first

Both groups used the liquid pweepitaxy (LPE) growth made with a thicknem of 2 to 3/pm before the growth condi-
technique and reported substantidgrading and/or diffusion tions were abruptly changed to produce the wide-gap mate-
at the interfaces. Vydyanath et OV sowed that such effects rial up to a thickness of 1.0 pm. The substrate temperature
could actually be profitable since tiry presented exceptional was kept at 190 'C all along the growth. The composition of
LPE grown MCT heterojunctia dfector performances, the narrow gap was determined by infrared transmission

The possibility of including ammetalic, semiconduct- measurements at room temperature. Its doping level 4 x 1016

ing, and semi-insulating materids within the same mono- cm- 3 was deduced from the Hall measurements neglecting
crystal could lead to important fthnological applications. the contribution of the wide-gap side. This was relevant since
The abrupt heterojunctions, ht these materials have to the doping level was intentionally lowered during the
be further studied. growth of the x = 0.26 material. The conposition and dop-

Kuech and McCaldin 4  no characterizations of ing (-5X 10 cm- 3 ) of the top layer was estimated from
HgTe layers grown by the metaloganic chemical vapor de- the growth conditions on separate runs. To check the doping
position technique at 325-3501[ on n-type CdTe. A level, metal-insulator-semiconductor (MIS) structures
Schottky barrier behavior was sem, with a maximum barrier were fabricated with gold and zinc sulfide on a different
height of 0.92 eV. piece of the sample. The high-frequency capacitance versus

The validity of the commi anion rule for the voltage curves were measured at 80 K and l00 kHz with an
HgTe/CdTe s)stem has been qumioned recently.' The re- LCR 4275 from Hewlett-Packard. The classical MIS calcu-
ported values of the valence-badeffset vary from 40 meV lation|" was used to deduce the impurity level from the mini-
(Ref. 6) to 350 meV-' dependbg on the technique used. mum to maximum capacitance ratio, where the minimum
The above workers4 mention thltversion in the CdTe lay- capacitance was calculated using the approximation of Ref.

3119 J. Vac. Se. TociehL AS (SL), "et 1W? 0734-2101/e7/311948I0.0@ 0 197 Aicnat Vacuum SocetY 3119
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Hg, Cd Te Nd-Na-5*10
5
cm3 (1.0 pjm) 10

ZnSIn lt

Nga.CdTe -N 41m-

CdT@(111)

(2.2pm)

.03 .06 .09 .12 .15 .18 .21 .24 2;7

FiG. I. Structure of the devices. 61 voltge (v)

FIG. 3. Semilog plot of the I/Vcurves when the top material is biased
negatively.

19. The doping level deduced was within a factor of 2 from
the growth estimated value. The devices were made by stan-
dard photolithographic techniques and mesa etching. The be simply described as showing double soft reverse break-
metal was evaporated over the zinc sulfide passivation down at low temperature. The current is proportional to the
opened for contacts. Their structure can be seen in Fig. 1. voltage at low bias, and tends to a power of the voltage law
The geometry is circular to minimize edge leakage but is (2-3) above 50-100 mV. A semilogaritbric plot of these
obviously not optimized for detection applications. The curves is shown in Fig. 3 for the forward bias case. Notice
junction area is 7x 10's cm2 . More than 150 dots were that their slopes are nearly independent of temperature. The
tested from 300 down to 80 K with a microprobe station R 0A values could reach 600 f1 cm2 at 80 K on several de-
from MMR Technologies, Inc. The probe connected to the vices, showing that the active part of the device is on the
top contact was positioned on the metal part overlapping the wide-band-gap side. Its variation as a function of I /Tcan be
zinc sulfide to avoid piezoelectric effects. The current versus seen in Fig. 4 in reverse bias. At high-temperature it follows
voltage measurements were made with an electrometer/vol- an exponential law in a limited range only, and tends to satu-
tage source model 617 from Keithley, modified to generate rate at low temperature. The corresponding high-tempera-
5-mV steps. All the data acquisition was computerized. ture activation energies are systematically higher in reverse

bias ( - 105 meV) than in forward bias (-80 meV). The
Ill. RESULTS I/V curves were fitted by the least-square method to the

The current versus voltage curves measured can be seen in equation

Fig. 2. They are representative of the average of the devices
measured. Very weak forward rectification occurs when the
top wide-band-gap material is biased negatively. They could where I is the current density, I, the saturated current den-

. BIAS IV) 1:0.010
2:0.100

- aZ 3:0.2001

S4:0.300

2 2
10 3

0 27444

** _& M -111 -11 - Lw &11 anL L N 460 &M i00 OL 6.0 10! i. ' 0 12'0 130 10
3 4.00 5.00 .00 7.00 8.00 000 1.00 12.00 13.00 14.00

SM VUAG (VW

ECIPROCAL TEMPERATURE (1000/T(K))
FIG. 2. Current/voltage curves vs temperature. Positive voltages corre-
spond to negative bias on the top material. Temperatures: curve 1: 235 K. 2: FIG. 4. Variation of the dc resistance of the device with reciprocal tempera-
169 K. 3:132 K. 4:109 K. 5: 92 K. and 6: l K. ture.
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sity, V the bias voltage, R, the series resistance, and Vo the thermionic emission. When k T(E00 field emission (or tun-
voltage defining the slopes of the curves. The precision of the neling from energies close to the conduction band) is the
parameters extracted was only questionable close to room dominant transport mechanism. Both types of electron
temperature where the devices showed an ohmic behavior, emission have to be considered when kT:Eo In our case
Below 150K, Vo was found constant and equal to 145 and 80 N o =5x 10 " cm - ', and for x = 0.26 at T - 80 K, the rela-
mV in reverse and forward bias, respectively, and R, was tive electron effective mass and dielectric constant are taken.
negligible. V0 was increasing with temperature above 150K. respectively, as 1.4 X 10-2 and 16.9. The value of E., is then

A typical capacitance versus voltage curve is shown in 2.66 meV, much smaller than kT = 6.9 meV. The fact that
Fig. 5. It clearly does not follow the classical Schottky diode thermionic conduction is not seen in forward bias, together
depletion model but rather a metal-insulator-semiconduc- with the capacitance measurements results, make us con-
tor device behavior. The frequency dependence is small. The clude that a large conduction-band barrier is present at the
admittance curves correlate the slope variation of the dc cur- heterojunction between the two materials. This is in agree-
rent/voltage measurements. ment with the spectral response measured on one device in

small reverse bias at 80 K. showing a wide response in the
IV. DISCUSSION 3-6 /m range and a peak more than three times higher in

The lack of strong rectification implies that thermionic amplitude at 1.9-pm wavelength. The root square of the pho-
emission is negligible. The current transport is limited by toresponse is shown versus wavelength in Fig. 6. The low-
some form of tunneling since it varies as exp( V/V o inde- energy tail was close to the noise floor and was separated
pendently of temperature below 150 K. These properties are from the response of the x - 0.26 material by more than 1
systematic for all the devices on several crystals, and are not pm. The measurement was made under vacuum with a glow
resulting from a marginal contact process on the top contact bar infrared source, a monochromator, and a lock-in ampli-
which could create back-to-back Schottky diodes randomly. fier. The curve was corrected for blackbody radiation and
Furthermore, a sharp minimum in capacitance clse to zero grating dispersion. It can be interpreted as internal photoe-
bias should be seen in this case. 13 Schottky barrier lowering mission from a conduction-band barrier 0.56 eV above the
with biasing voltage is not detected since the current should Fermi level (being degenerate in the narrow-band-gap mate-
vary asexp(a V "//T),1 'and Vo shouldbeafunction oftem- rial). The TFS theory predicts that the current/voltage rela-
perature even at 80 K. tion should be of the form"'

These results have similarities with the theory of ther- I = , exp(q VIEe)
mionic field emission across Schottky barriers (TFS) . 4 The at high enough voltages, where E o = E00 coth(E /kT) and
ratio kT/Eao is an estimation of the relative importance of i, is a f'unction of T, the barrier height, the doping level, and
the thermionic and field emission processes.'s where k is the is a weak function of the bias. E0 has been previously intro-
Boltzmann constant, T the absolute temperature, and E00 duced.
an energy defined as Since E 0 = 80 meV below 150 K in our devices, we can see

Boo = (qhl411)(N/mse) " 2, (2) that the rise in E above this temperature cannot beaccount-
where q is the electronic charge, h the Planck's constant, No ed for by the TFS theory. Tunneling through a high and
the donor concentration in the semiconductor (in our case
the wide-band-gap side with x = 0.26), m* and e the elec-
tron effective mas and the static dielectric constant in the 6.00
same material. When kT>Eoo the current is mainly due to

5.00 -80 K/

80K0 /,16 , 100K MZ5 .0 0

. //

144.0
1s * 27495 .0
16 80K ,"
14 -IOO0KIU 3.00

12 2.00 - 27488
10

o 4 'CI 1.00 / 400 -.56 eV
04

2 0.00
0.55 0.60 0.65 0.70 0.75

-. 8 -. 6 -. 4 -. 2 0 .2 .4 .6 .8

Bias Voltage (V PHOTON ENERGY (V)

FIG. 5. High-frequency capacitance/voltap curve at low temperature. FiG. 6. Root square of the spectral response of the device vs photon energy.
Positive voltages correspond to positive bias on the top material. Only the high-energy tail is shown.
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the tunneling process by itself The current density is given
.4 80K by

I= (l/Ro){(O. - V/2)exp( -A - V/2)
,.

; .1 - (0, + V/2)exp( -A Ia + V/2)}
Ef

0 ~with A = Mid II/h,
-, Ro = (2flhd2/q 2 )(m,/m,.)
-.2 V<*$, d is the thickness of the barrier, 4, the barrier

-.3 height, V the bias, h the Planck's constant, and q the elec-
_,4 tronic charge. m, and m,, are the electron effective masses

in the insulator and the metal electrode acting as the cath-

-.28 -.2f -.14 -.07 0 .07 .14 .21 .28 ode, respectively. Ro is not to be confused with the zero bias

Distance trom iunction u r resistance of the device.
The effect of barrier height lowering is not considered

F. 7. Calculation ofthe asaumed band psodle of the strcture t zero since it could not be detected from the measurements and the

Parameters used: m I - 0., d pin le - h sde ro" cm-', barrier height is expected to be large. The fact that the curves

dopsg right-hand side = 4x 10" a-', Cd compsition -hamd in Fig. 3 are nearly symmetric is consistent with this model.
stide 0.26. Cd composition right-hand side - 0. 1S, Cd composition at the The low-temperature curve of Fig. 3 was fitted in reverse bias
barre peak = 0.6. AEv = 0. 15 x AE,. T- 8O K. since the tunneling is less affected then in forward bias by the

actual barrier profile on the wide-band-gap side. 0, and d
where adjusted to produce the results shown in Fig. 8. The

following effective masses have been used: m1/mo = 0.058
sharp barrier is the suspected dominant transport at low T. and m/m0 o = 0.0039. It can be seen that the best fit occurs
Only a minor contribution to the current is due to band for 40, =0.55 eV, in excellent agreement with the optical
bending change with bias in the x = 0.26 material. As will be result. The average matching barrier thickness is close to 110
discussed later, we think that the barrier resulted from .
abrupt composition change during growth. Its actual con- The capacitance measurements can be interpreted as fol-
duction-band profile is expected to be much steeper than the lows: the diode is essentially behaving as an MIS where the
parabolic potential approximation made in the TFS theory. narrow-band-gap material is the metal electrode and the bar-

A Poisson solution of the expected band profile of the rier is the insulator. The top semiconductor with x = 0.26 is
device at 80 K is shown in Fig. 7. An abrupt Cd composition then seen n-type in depletion at zero bias. Calculation of the
increase up to x = 0.6 was assumed right at the interface, low-frequency differential capacitance of the structure
followed by a sharp exponential decrease down to x = 0.26. shown in Fig. 7 was attempted using the same type of calcu-
The minimum barrier thickness ws set to be 100 A. The
valence-band offset between two dfferent composition na-
terials was assumed to be 15% of deir band-gap difference.
A heavy-hole effective mass independet of composition and

equal to 0.44 has been used. The calculation is made with the IE-02 -2

relaxation method, using the twoband Kane' model and 3-

assuming fully ionized dopanta wthout diffusion effects at FIE_03
the interface. Degeneracy is includd. The detaib of thiscal-
culation will be presented esewe.' We can se that the
Fermi level on the left-hand side is within I meV of the con-
duction band, whereas the narrow bandgap is heavily degen- -0,

crate, the Fermi level lying 45 mV above the conduction
band.

This structure basically looks liWe a metalm-insulator-sem- 0 IE-o

iconductor device as suspected frim the capacitance me&-
surements. The semiconductor with x = 0.26 is weakly de-
generate. The use of a metal-atlator-metal tunneling 0. 0.03 O 0 0 0.18 0.21 0.24 0.27
model could be appropriate at low temperature where we 94", V~I (V)
established that tunneling transpwt is dominant. We used
the model developed by Simmons' for its simplicity, modi- Fio. .Fittmn of the Simmo model to the low-temperature curve of Fig. 2.
fying it slightly to make provisim for different effective The top material is biased positvely. Parameters used:
masses in the metal and the insulasor. It assumes a rectangu- O. (eV) d (A)
lar barrier and is restricted to low temperatures where the Curve 1 0,45 119
tunneling is independent of temperature. We did not use it in Curve 2 0.55 109
the first place since it cannot demnstrate the existence of Curve 3 0.65 101

J. V. $a Teehw'M. A, VO L, NO. , SW t 17
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249 The burst in composition which occurred at the interface#27495 is linked to the transient flux response of the effusion cell
1 opened during the growth to increase the cadmium content

of the top layer. When the shutter is closed, the cell has a
3 higher quasiequilibrium pressure than with the shutter

opened. This study shows that with the particular geometry
27 used the time constant required by the ceil to change from

the closed to opened stable conditions was in the order 8 s.I Once detected, this problem can be avoided. Recently grown
devices trying to avoid this effect give credit to this hypothe-
sis and will be published later.

-.8 -. 8 -. 4 -. 2 0 .2 .4 .6 .. V. CONCLUSION
Sias Voltago iV) We showed that the electrical characterizations of the first

FIG. 9. Relative capacitance vs voltage curva. Curve 1: second memaure- abrupt n-isotype heterojunctions made by MBE were consis-
ment ofthe CV data shown in FigS. T- 80 K. OO kHL Curve 2: memmuc tent with the presence of a sharp burst in composition at the
ment ofthe same device with the sn frequency. T- 1601K Curve 3 - X heterojunction interface due to the growth conditions.
Low-frqec aImcitace calcuation at 80 K. Sum paraeters as in F%.7. The measurements and the calculations presented are in

agreement with the presence of a valence-band offset
between the barrier material and the adjacent layers When

latioi as before and the sam parameters. The quasi-Fermi extrapolated linearly to the HgTe/CdTe case, the value as-
sumed is in agreement with the recently published studies.levels on eech side of the heterojuanction were assumed to be The high RXA values obtained even for i narrow-pp compo-

constant, their difference being abruptly accommodated at sition x = 0.17 could be of interest for future gate field-effect
the interfice. The result is shown in Fig. 9, together with transistor investigation.
measurements made at 80 and 160 K at 100 kHzon thesain
device. We can see that an accumulation plateau occurs be- ACKNOWLEDGMENTS
low - 0.2 V. Its magnitude is much smaller than the capaci-
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Hg Incorporation In CdT. during the growth of HgTe-CdTe superlattices
by molecular beam epitaxy
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(Recived, 3 August IM1; accepted for publication 9 September 1917)
HgTe-Cde superlattioes and other microstructurem much a single a&d doubl barrie
tunneling mtraura are commonly grown by molecular bearn eptaxy with the mercury flux
continuously om the sample during the growth. This means that some mcry wil be
incorporatedi in the CdT. layers We present hae, for the Am time, a meiaremen of the
amount of mercury incorporated in thun layers of CiTe. X-ray photoelectron spectrocopy was
used to me411aur the amut Of mecury. The amount of mercury was, found to be between 3
and 9% forCdT (111)5, depending on the growth cosaditioma. The amount of mercury was,
found to incresse Ith mecury flux and to decrase as the mubetrate mperature was
iicsd Under the sam conditions. it was found that much ore mercury was, Incorporated
in the ( 100) orientation The type of substrate (CdT. or GaLs) was not found to influencie the
remalts. Th. realta indicate that the amount of mercury in the Cff e layers of HgTe-Cde
superlatticesis not quite as low as expected from measurements of thick CdT. layers, bet it can
be low enough that it dos not influence significantly the results on the superbattice systemi in
the (I111) orientation

HgTe-Cde superlattic. have been proposed assa new, smal as prvmuly though For this reasona we have per.
interesting infrae material 3 It ha been shown that they formed the Amrs measurement of the amsount of mercury
can be grown by molecular bearn eptaxy (bMD).3 It has incorporated in Afts CdT. layers grown wit a marcury fluz.
also been shown that the beat Smroth temperature is 180.- We have almolookedat how thesiamunt fme cur ncro
200 T-3 At this temperature the mercury condensation co. rate depends upon the usutat temiperatre the mercury
effiient is about 10'.' This seao that a larg mercury flux, the CiTe growth rat, and on the type and orientation
overpressure a needed to grow HgTe, It also implies that of the substrate.
mercury will easily and nonongruently evaporat firom The samples were all gro at the University of Illinois
HgTe. Due to this problem, the common growth technique in a fiber 2300 MBE. machine. CdT. substrtes, oriented in
for HgTe-CdTe superiatice and other mirstutue the (100) and the (111)0 w=s used. Additionally,
much as ngle and doubl harer tunneling structursi in- G&OaO1) withboth (100) and(1) Cd Weboferlayers
volvas leaving the Hg source openat all tim.?' Thau, there wess ad.The substrateprepaaind mthegrowt of the
is a mercury flu on the sample, during the growth of the appropriate buofte layer have been discussed eliewheetms
CdTe layers. A competition thenur b hPPetw the Ug and The Te fux was kept consant throughout the experimenit
Cd atoms for lattice situ. As a imelt, the CdTe layers may The flu was chose. so that the HgT* growth rate was about
not be pure CiTe but instead be Hg, -..CdTe with some 3A/soaaCdTe( 11)0 ubtrate. A CiTerowta rate of I

percetage f merury.A/s was use throughout the experiment, ewet when that
This problem was recapinlby the Ams people to grow growth rate was the parameter being varied. These growth

HgTe-Cde superlattices on CMe (I1I1)5 subetrates. They rates are typical of those med in the growth of HST&e-C~
peow thick layers of Wie under the -m condition s n m aelttc The substrat temperature was measured us-
the superlattice, including the poence of the Hg flux The ing a cromel-elumel thermocouple.a contact wit the sm-
Hg ontent was them, mfI 'by mesl dispersive spec- ple holdur and by an inkraredl pyrometer. These measure-
troecopy (EDS). It was foud do the CdTe contained les mesas have been calibrated using the melt temperatures
than 5% mercury.' When we luip to grow HgT-Cd~e of indium ad tin.
superlattices at the University ofElinois we repeated thes The stuture fthe sampleswas chosen to besimilar to,

exprimntswith the sam - 2 This small amount of that of the superltties on the buitr laye a HgTe layer
mercury should only slightly ilae the characteristics of wit a thicknes of 80-100 A was grows Mers This was, im-
the spratcssuch as the bod gp and the valence-band mediately foWowed by a CiTe layer M5-170 A thick. The
discontinuity. Therefore, it waseglcted. The only question CdTe layer wvas grown with the Hg flu still on the sample.
was whether the results for a this layer were the -ae for The HSgconcentration in the CdT. layers was mereby x-
the thin layer in the superlattce rayphotoelectron speclyroscopy (XI) using both the ratio,

Recently, it has been suggead that the amount of mar- of peak areasid the enerp difibrence betwee the Hg3d or
cury in the CdT. layers of the seperattice might not be as Cd 4d core level and the valence-ban maximum (VBM).

P. For Hg1 -. CdTs, this energy difference can be shwn to
F am ddiut Soils N46=4J~i7 OIpiAI 114 Am reflet the position of the VBM on an absolute energy scale,

quirqms NM 8718S.
"~Perumam.: addam.- Fa'it Uui~isim Nou-D do Is Pli, 9- because the cation core levels are virtually idependent on

sowo N=na, eDhhim the alloy composition x.-' The position of the VIM is

I"4 Apl. Ph~u.Lee t (tvvp. Mmwbsr iM? 00034061 /07/46145-03601.00 * IN?7 Amwlem kistftat My~ 1545



known in turn to be very sensitive to the composition x." 0  is the Only One that shoauld influcnce the band gap, if Hg" I is
Therefore the binding energy of the Hs Sd and Cd 4d core indeed a surface phenomenon.
levels with respect to the VBM can be used to determine the To obtain the binding energies (Ea -4E,) used for the
a&BOY composition x- Several samples, were grown without determination of the Hg concentration, the position of the
the HgTe layer on the bottom to e if its presence changed VBM was determined simply by a linear extrapolation of the
the measurement. No differenice was found in the Hg con- valencend leading edge. This procedure has proven to be
centration in the CdTe whether the HgTe was present or not reproducible and very accurate for Te-bseod II-VI semicon-
F~irst with the Te and CdT. fluxes constant, the substrate ductoms" Since the binding energy defined above is very
temperature and the Hg Amu were varied to determine their sensitive to the HS concentration in HS, - ,Cd.Te,'O it can
influence on the Hg incorporation, be used to determine the amount of Hg in the Cdffe. As can

The samples were kept under ultrahigh vacuum condi- be seen in Table 1, there is good agreanient between the two
Waos sa they were transferred to th: XPS chamber. The XPS niethoda. This gives us confidence in our results and in neg-
measurements were performed with an SSX- 100 spectroen- lectig the Hgt2 ' component. Th1s procedure implies the
eter from Surface Sciece Laboratories. A monochroma- measurement of the valence-band energy distribution curve
tized and focused Al Ka excitatio line was used. The over- and is thus highly time consuming. Therefore, it was not
all energy resolution measured on the Au 4/.,2 core level is applied systematically to all the samples.
0.7 eV. The core levels used in this work were the Hg 4f and In order to compare our previous results for a thick lay-
3d, the Cd Qdand 3d, and the Te 4d and 3d. The values of the er with these fora thin layer, we grew a thick CdTe layer and
peak areas and positions of all the core levels were detar- checked the Hg concentration with both XPS and EDS. The
mined by a detailed analysis of the spectra by a least-squares growth conditions were similar to those used for the thin
fit of individual spin-orbit doublets to the data. The line layers (T, - 195 C, Hg flux - l6X 10" cm- 2$_, and
shape used for the fits was a Lorentuia convoluted with a CdT. growth rate I A s-'). The resuls from EDS agreed
Gaussin. A nonlinear background was subtracted from the with all of our earler work and gave a value of about 3% HS
spectra prior to the fitting procedume in the CdUe The XPS resuls an this layer gave a Hg concen-

Figure I shows a typical result for the spectrum of the tration of 5%. This difflerence is within the range of experi-
Cd 4d and the HSSd core levels This Isthe ost diffcult mentaleribut it may also indicasthatthereis asgh
case due to the large numbe of overlapping peaks. The fit dilkbence in the Hg concentration with depth.
reveals the existence of two Hg components. These two com- The homogeneity of the Hg distribution with depth can
portents will be called "1 and Hg' in the following die- be checked by comparing resuls froim ore levels at diffret
cussion From its binding energy with respect to the VDM,'0 binding energS's- In our cas the determinations using the
HSI I' can be clearly identified as Hg in Hg,, .CdTe. The HIgAV Cd 3d, and Te 3d core levels are more surface seum-
origin of Hg"), at about GM0 meV higher binding energy, is tive then those usinig the Hg 5d, Cd 4d, and To Qd lines. This
not yet fully understood. We believe that Hg"'1 is some sort is due to the smaller esaedepth for the Cd 3d and Te Wd
of surfaice mercury. Further eiperiments are still in prors phtectrns (A 1 A) comparedto theCd 4dand To4d
to clarl* this point Only the component HSI'I"I associated (A _-20 A, We found that the moue surface-sensitive deter-
with Hg in HS, CdjTe, wa used in our measurements. it minations systematically yieled slightly highe concentra-

tions. Compared with EDS. XPS is primarily a surface tech-
Cdb MZnique. The observed surface enrichment is thus consistent

t ft14 with the diffenace between the bulk results froim EDS and
It' 4 the XPS resuls. Further investigations with good depth re-
~ ~-~sC Isoutimr would certainly be very desirable to confirmn (or

t: infirm) thk point.
x 3 1, ZX2 Table I summarizes the Hg concentrations determinedI by XPS for the differe nt substrat and Hg cell temperatures

~ ~. I Th Hg concentrations determined by both XIS methods

4 are given. The values given in, the tabl based on peak are
ssTAULEBL NgrT~mvuiaCdTrepmwhh a Hg h..CdT. uobautg.,

2oVag% ulib th powth audef T W th w n m h
CdT ow m e WOs, MWd Gna at amI A/a.

5~umn T, Kghi I-x l-
/ orhasel.. (*C) (10"7 Cm- S (SM a.)(aersi)

_______________(111)0 179 1.6 0.055±0.00 0w.0600
13 0 1~ OB its~(115 1.6 ()ou065±0.013 0.O0lj1.U20

DO(dwV1MIV 108) 19" 1.6 0.057 ±0.016
0114) 19 0.39 0.043 ± O010 0.070 0-M2

FIG. 1. Typical XPS SPWMm ftsn a CdTler WPON with a ..rcuy (III)& M9 1.6 0.057 ± 0.016 ..

flux. The dinb-daned UMn is dia ruA oft a Inasqnam fit to the data. The (111)5 M9 2.2 0.055 ± 0.016 0.100 ±0.020
dwinhHa0rPnuat the indVWual uapmmand for this it. The back- (100) [Is 1.6 0. 147 ± 0.016

-um is rpead by the solid MaL The daon ame the experiuaal data.w

Is"6 APOI. Phys. Lee.. Vol. St. NO. 19,.9 Novanrar 1967 PnW a 1546



ratios are average values from four difierent sets of core level TABLE I1. HS to To tnO to Cdrre .ON eth a He Buz alonag ith the
spectra. Relative snsitivity factors were determined for our P'h -dida AMl were gw on a Cdr. (I I O buffer layer but the
instrument from MEgrown HgTe (IlIl) and CdTe (I11) U1W '~bI wa v'u~ T, i§ the 90111MU 9=90fw, Eatheaaid Hg
samples. _________1._____________ON__S_____.

The Hg flux was determined using Knudsen's efibsion T, Cdre pows 3-x 1-
law, which is a good approimation in this case for the direc- substaes (-C) raw (k/r) (-u rfles) (bhial; S,
tion normal to the evaporating surbc. A chag ofthe sub- d* M 05 M3 04 003: .2strate temperatuire by 10 *C will chapg the Hg condensation COO. M9 10 0.050 t 0.016 0.04 .
coefficient by about a facor of 1.5.4 Several striking features COO. M' Lo 0.078s 0.0 ...o
are observed from this table. First, fo these growth condi- GaAs 385 3.0 0.065 :t 0.0D? 0.043 :k 0.020
tions, on Cdl'e 0(111) the amount of HS incorporated is GaA 39 1.0 0.036 * 0.00311 ..

much less than 20%.'2 Second, the overall agreement
between the area ratio and the bindig energy results is good. ers grown on CdTe (111 I)5B were found to contain between 3

Thrthe amount of Hg incorporated follows the general and 9% mercury. The amount of mercury was found to mn-
trends expecte from the growth conditons, and the relatve crease with the mercury hi and the CdTe growth rate, and
magnitudes are in reasonable agrement with the Hg flux to decrease as the substrate temperature was increased. we
and condensabton cocienut variations. Fourth, a Hg con- did aom observe any signiicant dependence of the amount of
centration 0(5% wasobtainedby the coct selection of the mercury incorporaltd on the type of substrate but there was
growth conditions and we have obtined a value as low as a large deedneon the orientation of the substrate. We
3% in a second set of experimenta. found that much more mercury was incorporated for (100o)

It has been reported thatfair aCdTe (211) substrate the than for (I111)5 prepared under the same condition. we
amount of Hg incorporated is about 20%.13 We have also thus exetthe Hg incorporation in CdTe (100) to be even
shown that the Hg condensation codident vanes depend- More important under normal growth conditios"This do.
ing on the orientation of the substrate." For this reaon we Peadmice at the amont of mavary incorporated on the
have also investigated CdTe (100). The luxes werethe same growth conaditions and the substrat orientation men that
as used for the (111)OR The results -n also given in Table L care musthe taken when comparing resultast ewe dirfer-
The difflerence in the US incorpoado. is very larg and op. eat p ope Almo dramatic inses in the amount a o
posite to our initial ezpsctaticnssince HS on CdTe (100) incorporated con cour Vf the initia airfloce is not properly
has the smaller condinmation cokit of these two aries- prepared. Theseresults indicat ttthe amount otmercur
tatons. We do aot understooad these results, but they show incorporallsd inO carelbly prepared (11 I)ORsuporlattices ts
once again that MDI growth caambe treated by a cleasical small enough that it should no significantly influncem the

throynamic approach using the low of -os action and characteristics of the superlattices previously reported, and
elcig Sufaice kinetics. in particular the value of the valence-bnd diontinuity ad
We per forimed a second soof uperiments to check the the band gaps.

depndece at the Hg incorporaime on the Cdre growth This work carried out at the University of Illinois at
rate and on the type of substate. iheTe and Hg fuxe were Chicap was supporctIed1 by the Deleuse Adlvanced Riesrch
kept constsat The results aren In TableII. Pro1c1 Agency and monitored by the Air Force Offce of

The firs point that ca be eas k thsan results is that Scisatiffc lnerck under contract No, F492047-C-O021.
it doss not matter whether a Cd. 0(111)R substrat or a Ons of us (IL M. is sup porte 1in part by the National Bel-
GaAs ( 100) substrat with a CdT. (Ill O )bur is used to Si Fouaion for Scientific Research (FNRS).
grow thelayers. TheHg iorp ore is babout the saefor
the two dUfeen substrates, The sud point is that the HS '3. N.Sis Will T. C. M.0 AppL fht. L~a. 34 463 (1979).

corpratOPP@ ap to anin wiO the CdT. growth -D. L 7.W C. Mo@.md. N. Salows APPL FhYLn LeM.43. 180
rate. Wedoot ew dtabwtrad appearstobe (395).
in this direction. '3. P. Pms A. Mn.., medi 1,. AWL fhtrn. Lou. 41L,713(IM).

It was alo found tdo the qofaftbe surface prior to 41. P. P It A. M~mkI Do* handi L LThUe.J. Ym. SeL. Toabs& A
.393(119113).

the growth of our src cooN damatically influeonce $1. p. Pss MR L. Q ue rnie Q.M 3M656 (198).
the amnomt of Hg inoprt d V same substrate was 41L A. Hernh6 L. ig D. F- 3kmb L. W. Coaok .LP. Sebidm N.
reused frequentl and thu rs-etcherveral times or an jmile OftvhiP kmdA. 7. Hu ApplIPh. Lau. 43,396(39W).

'..m A. O~~smdi.Pp (-" '- ' I eiad, I9M).dequote buffs layer WO grow., a silOMIcly larger Hg &~ pub IX 3mvd L IL..3 S m s .11100P 1. Cms CI. Jams T.. as lMbIm. Tis maut extrome care must Cmsene, IL A. NIh 3. L . Coal, md L F. Sollists Aggi. ft.
be tae Mo only when doing this VP of experiment but LOIs. 4k3" (1191).

alowhen preparing a substate on wbich to grow a superlat- 'C. US b d W. L. *ib. Ph,. Re. Lie. it 2M94(1967).
-. C em. K Di andi.L P (wWM Md).

doe,. IT. K D^a C. N., odJ.?. Pb. PbVs Us,. LA& 3% 1127 (19M).
In conclusion We hew Prs for the firs time a "s. Pubmww 3. U.minmdli.Yaw,5.Vs.S.TwbAL As,

measurement ofthe amount mofmyincorporated in thin 3137(1967).
layers ~ ~ ~ ~ fi. of.rr grow une"eey& hegot ot K W. ooadub, K A. Kh*, L.3. Keoso- IL C. hm D. 0. Sle,

layrs f dT.gron nde memygrothMd Li. Jmd 3. VOL. S&. Teumll A 3, 310to(1967).
ditions and the structures were chase to be similar to those "s. Shinshn.X4.R~,i. ,@mdi.. Pin 3.AppI.Pb,. 1359
in HgTe-CdTe superlatticee. When COrdbly prepared, lay- (19W).
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ABSTRACT

This review paper reports on growth by Molecular Beam Epitaxy and

characterization of HglzNxTe-CdTe (N - Cd, Mn or Zn) superlattices and

Hg1_xCdxTe-IgTe heterojunctions with a special attention to the interdif-

fusion, the valence band offset between RgTe and CdTe and the Type III to

Type I transition in these superlattices.

I. INTRODUCTION

HgTe-CdTo superlattices have received a great deal of attention over

the last several years as a potential material for far-infrared detectors.

Since 1979 when this superlattice (SL) system was first proposed as a new

material for application in infrared optoolectronic devices,
(I ) significant

theoretical and experimental attention has been given to the study of this

new superlattice system. The interest in HgTe-CdTe SL is due to the fact

that it is a now structure involving a II-VI semiconductor and a II-VI

semimetal and that it appears to have great potential as a material for

infrared detectors.

Most of the studies have focused primarily on the determination of

the superlattice bandgap as a function of layer thicknesses and as a

function of temperature. Also, the description of the electronic and optical

properties at energies close to the fundamental gap has received such

attention. (2-4)

The growth of this novel superlattice was first reported in 1982 (5)

and has subsequently been reported by several other g~oups.(
6 9)

The first theoretical calculations using either the tight binding approxi-

mation with spin orbit splitting (1 ) or the envelope function approximation 2 "

U



showed that the bandgap K of the SL did vary from 0 to 1.6V demonstrating 2

that it could possibly used as an infrared material. These first calculations

assumed that the valence band offset A = r8BgTe - r8BUT. was small or even
zero in agreement with the phenomenological common anion rule. (10 )

Theoretical calculations predict a narrowing of the SL bandgap E5

compared to the bandgap of the Hgl_ x CdxTe alloy with the same composition.

Also the SL bandgap is predicted to decrease as the thickness of the HgTe

layer (dl) in the superlattice increases. It has also been predicted that

in the far infrared the cutoff wavelength of the SL will be easier to control

than that of the corresponding alloy since dl/d(dl) of the SL should be

less than dX/dx of the alloy. (3 ) These three predictions have been confirmed

experimentally.(11- 14 )  In the classification proposed for heterointer-

faces, (15) the BgTe-CdTe SL appears to belong to a new class of superlattices

called Type III. This is due to the inverted band structure (r6 and rg)

in the zero gap semiconductor HgTe as compared to those of CdTe, which is

a normal semiconductor [Fig. 1]. Thus, the r8 light-hole band in CdTe

Cd Te

LA

HgTe
a- hh

.250-

-300 ___________

Fig. 1. Band structure of bulk HgTe and CdTe. The lh, hh and e indices

refer to light holes, heavy holes and electron respectively.

becomes the conduction band in HgTe. When bulk states made of atomic

orbitals of the same symmetry but with effective masses of opposite signs

are used, the matching up of'bulk states belonging to these bands has, as

a consequence, the existence of a quasi-interface state which could contribute
(16)significantly to optical and transport properties. Indeed, we have

shown that the interface states could be responsible for the high hole

mobilities prviously reported and not yet understood.( 1 7 '18

ii- .,-.:, ::&... :



investigations, the orientation of the CdTe film is the (ITI)Te face. (22 )  4

We have grown on both CdT*(TTT)//GaAs(100) and CdTe(lOO//GaAs(100) substrates

and we have seen a difference in the mercury condensation coefficient.

This has already been reported for the growth of Hg Cd.Te films on

substrates of different crystallographic orientations. (131 It turns out

that growing at 1900C on a (100) orientation requires about 4.4 times more

mercury than growing on a (TTI)Te orientation at the same temperature.

But in the (100)- orientation no microtwinning due to the formation of

antiphase boundaries are observed which makes the growth more easy to

control than in the (M11)B orientation.

In order to obtain high quality superlattices we use typical growth
1 1rates of 3-As-  for HgTe and lAs -  for CdTe. This represents the best

compromise between the low growth rate required for high crystal quality,

especially for CdTe which should be grown at a higher temperature than

1809C, and the duration of the growth, which should be as short as possible

in order to save mercury and to limit the interdiffusion process which

cannot be completely neglected between these interfaces (this will be

discussed later).

Compared to the growth of HgTe-CdTe SL that of Hgl_ xCdXTe-CdTe SL

presents an additional difficulty since we have to control the ternary

alloy Hgl_xCdxTe instead of the binary compound HgTe. Furthermore, since

our goal is the study of the Type III - Type I transition, the composition

(x) of the alloy should be very well controlled. In order to have the

necessary flexibility for the composition x, a Cd cell plus a CdTo cell or

two CdTe cells are required. The growth of Hgl_xCdxTe by MBE has already

been discussed in numerous papers (24 ) and the growth of Hgl_xCdxTe/CdTe SLs

successfully achieved. (18)

Bgl_x MnxTe-CdTe SLs have been grown with x ranging from 0.02 to 0.12

on CdTe(TTT)//GaAs(100) substrates using three effusion cells containing Hg,

Mn and Te for the growth of the alloy and a CdTe cell for the growth of

CdTe. (25)

More recently Hgl_xZnxTe-CdTe SLs have been grown with x ranging from

0.02 to 0.15 on CdTe(TTI)//GaAs(l00) substrates using three effusion cells

containing Bg, Te and ZnTe for the growth of the alloy and a CdTe cell for

the growth of CdTe.

The proof that these novel superlattice systems have successfully

been grown is attested to by X-ray diffraction, as illustrated in Fig. 2.

In addition to the Bragg peak one can see satellite peaks due to the new

periodicity. The periods of the SLs were measured from the position of

the SL satellite peaks as determined by X-ray. The method for determining

the period of a superlattice by X-ray diffraction is commonly used and has

IS.



investigations, the orientation of the CdTe film is the (TTI)Te face.(22)

We have grown on both CdTe(TTI)//GaAs(100) and CdTe(lOO//GaAs(lO0) substrates

and we have seen a difference in the mercury condensation coefficient.

This has already been reported for the growth of Hg Cd1 Te films on

substrates of different crystallographic orientations. 
(
1 It turns out

that growing at 1900C on a (100) orientation requires about 4.4 times more

mercury than growing on a (TIT)Te orientation at the same temperature.

But in the (100)" orientation no microtwinning due to the formation of

antiphase boundaries are observed which makes the growth more easy to

control than in the (lTI)B orientation.

In order to obtain high quality superlattices we use typical growth

rates of 3-As- 1 for HgTe and ls - 1 for CdTe. This represents the best

compromise between the low growth rate required for high crystal quality,

especially for CdTe which should be grown at a higher temperature than

180"C, and the duration of the growth, which should be as short as possible

in order to save mercury and to limit the interdiffusion process which

cannot be completely neglected between these interfaces (this will be

discussed later).

Compared to the growth of HgTe-CdTe SL that of HgI_xCdxTe-CdTe SL

presents an additional difficulty since we have to control the ternary

alloy Hglx CdxTe instead of the binary compound HgTo. Furthermore, since

our goal is the study of the Type III - Type I transition, the composition

(x) of the alloy should be very well controlled. In order to have the

necessary flexibility for the composition x, a Cd call plus a CdTe cell or

two CdTe cells are required. The growth of Hgl_xCdxTe by MBE has already

been discussed in numerous papers (24) and the growth of Hgl_xCdxTe/CdTe SLs

successfully achieved. (18)

Hgl_xMnxTe-CdTe SLs have been grown with x ranging from 0.02 to 0.12

on CdTe(TTT)//GaAs(100) substrates using three effusion cells containing Hg,

Mn and To for the growth of the alloy and a CdTe cell for the growth of

CdTe. (25)

More recently Hgl_xZnxTe-CdTe SLs have been grown with x ranging from

0.02 to 0.15 on CdTe(TI)//GaAs(I00) substrates using three effusion cells

containing Hg, Te and ZnTe for the growth of the alloy and a CdTe cell for

the growth of CdTe.

The proof that these novel superlattice systems have successfully

been grown is attested to by X-ray diffraction, as illustrated in Fig. 2.

In addition to the Bragg peak one can see satellite peaks due to the new

periodicity. The periods of the SLs were measured from the position of

the SL satellite peaks as determined by X-ray. The method for determining

the period of a superlattice by X-ray diffraction is commonly used and has

A



been explained esw r.(2)The values of the HgTe layer thickness (dl) 6
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and the CdTe layer thickness (d2 ) were then calculated using the Cd and Hg 7

concentrations measured by energy dispersive X-ray analysis (EDAX). In

order to prevent the Hg reevaporation from HgTe layers the Hg cell is left
open during the growth of CdTe layers. Thus a competition occurs between

Hg and Cd. The incorporation of Hg in the CdTe layer depends critically

upon several parameters such as the substrate temperature, the crystal

orientation and the growth rate. Measurements by secondary ion mass

spectroscopy (SIMS), wavelength dispersive spectroscopy (WDS), Raman

scattering and EDAX showed that for a thick CdTe film grown under the same

condition as we grow our superlattices, there was less than 52 Hg incorporated

into the film. Neglecting this small amount of Hg, the ratio of d2 to the

period is just the average Cd composition measured by EDAX. The error in

ignoring the Hg in the CdTe and the error in the EDAX measurement itself

could lead to errors in d1 and d2 of 7 to 8Z. Nevertheless, it has been

shown recently that more mercury has to be incorporated in the CdTe layers

in order to explain the far infrared reflectivity spectra of several super-

lattices. (27 )  Thus the question is: does a thick film represent what

fraction of Hg is incorporated in a thin film? Experiments are currently

carried out in order to answer this question.

III. INTERDIFFUSION

A very important question for the application of this material to opto-

electronic device is the thermal stability of the HgTe-CdTe interface.

Because of the lower temperature used in MBE compared to other epitaxial

techniques such as LPE, OMCVD, or CSVPE, the diffusion processes are more

limited in MBE, but the magnitude of this interdiffusion has not yet been

fully determined.

To investigate the extent of this interdiffusion, we have carried out

temperature-dependent in situ X-ray diffraction measurements on several

HgTe-CdTe samples. The estimated interdiffusion constants D(T) are based

on the analysis of the X-ray of the nth satellite intensities as a function

of time for given temperatures T.

In '(t), .- 8(-ff-)2D(t-to) where L = dl +d2 is the periodicity

of the superlattice. (28) The interdiffusion measurements were carried 'ut

using several different techniques to hold and heat the sample. These

heating methods called respectively radiative or conductive have been

described elsewhere. (29) From the slopes of the intensity of the first-

order satellite peak versus time we have calculated the interdiffuuion

coefficients for five different samples annealed at 185*C which is the

usual growth temperature. The results reported in table I show a large



variation for the diff4sion constant calculated at 185"C. D for SL 13 is 8

fifty times higher than for SL 54. We think that part of this difference

may be due to the experimental method. Nevertheless a difference of about

an order of magnitude is observed for different superlattices measured by

the same heating technique. The various values obtained from different

Table 1. Results of in-situ interdiffision measurements on HgTe-CdTe

superlatt-ices grown at 1851C in the (TII)B orientation

Sample # # Periods Period HgTe CdTe Substrate Heating Diffusion

L(A) dl(A) d2 (A) method & D(185-C)

Environment (cm2s
-I)

fordiffusion

SL13 250 15 97 60 GaAs radiative 3.0x10
- 1 8

helium

SL49 142 97 35 62 CdZnTe radiative l.8xlO
18

helium

SL52 190 97 36 61 GaAs radiative 3.0x10
19

helium

SL54 180 69 44 25 GaAs conductive 6.3xl0
- 20

mercury

SL48 170 94 42 52 CdTe conductive 7.0x10720

helium

HgTe-CdTe superlattices to this date emphasize that some material specifi-

cations should be assessed before attributing too much importance to the

direction of the heat flow through the superlattice. These material

specifications can all contribute in many ways to the magnitude of the

diffusion coefficients. They are (i) the density of the vacancies; (ii)

the content and nature of the impurities; (iii) the density and type of

dislocations; (iv) the roughness of the heterojunctions; (v) the quality

of the superlattice which can be estimated by the number of satellite

peaks observed on each side of the control peak; (vi) the growth rate,

which might be related to vacancies, impurities and dislocations; and

(vii) the nature of the substrate and that of the buffer layer, as well as

the lattice mismatch between these two components of the superlattice.

Furthermore our results indicate that interdiffusion is concentration

dependent and thus the interpretations of these results will have to be

somewhat modified.

j



It is important to point out that a diffusion constant D(185) in the 9

range of 3 x 10- 1 8 - 3 x 1019 cm26- 1 is consistent with extrapolation of

data obtained by a different group working on the interdiffusion in HgTe-

CdTe single junction.
(30 )

Despite this dispersion in the results it turns out that the thickness

of the intermixed layer caused by annealing at the growth temperature of

1859C, calculated from the relation 1 = OU, cannot be neglected for thick

superlattices required for IR detectors.

Despite these evidences, discussions about interdiffusion during the

growth kept on being heard, whether this phenomenon is present or not. In

order to answer this question we have grown two thick HgTe-CdTe SLs in the

(TIT)B orientation on GaAs(100) at 1851C. Table II shows the growth data
and the period computed from the 1.476A X-ray data. Three different

wavelengths, 0.709A, 1.282A and 1.476A were used to characterize these two

SLs. The absorption of the X-rays is used as a tool to probe various

Table 2. Characteristics of HgTe-CdTe superlattices grown on GaAs(l00) in

the (TI7B orientation at 185"C

SL # # of period Period Duration of Thickness

(A) growth (Pm)

SL93 320 198 6h58 6.34

SL95 420 157 8h18 6.60

depths in the SL. Results are similar for both SLs. It is seen (Fig. 3)

that the softest wavelength (1.476A) produces the cleanest and the best

diffraction spectrum, emphasizing that the top of the SL has interfaces

much sharper than those near the interface with the buffer layer.
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Fig. 3a.
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Fig. 3. Room temperature X-ray diffraction profile

about the 222 reflection of SL95 X-ray

wavelength: (a) 0.709 A, (b) 1.282 A, (c)

1.476 A.

This indeed indicates that significant interdiffusion occurred during

the growth of these superlattices in agreement with in situ measurements

done on similar superlattices.

In-situ interdiffusion measurements on X-alloyed Hgl_xXxTe/CdTe

superlattices (X = Cd and Mn for this study) reveal that superlattices

with x > 0 are more stable than HgTe/CdTe superlattices. These alloyed

superlattices have, therefore, a better chemical stability, hence longer device

lifetime than the non-alloyed ones, alowing for techiological developments

to proceed. It is hypothesized that the differences between Fourier

components of the diffusion coefficients D(T) are due to Cd- and Mn-substi-



tutions which presumably slow down interstitial and vacancy notions. 11

IV. SUPERUATTICE BANDGAPS

At low temperature, a precise determination of the SL band gap can be

obtained from far-infrared magneto-absorption experiments. (32,33) When a

strong magnetic field B is applied perpendicular to the SL layers, the

subbands are split into Landau levels. At low temperature (T - 4K), the

infrared transmission signal, recorded at fixed photon energies as a

function of B, presents pronounced minima which correspond to the resonant

interband magneto-optical transitions between the valence and conduction

Landau levels. The Landau level energies and, therefore, the interband

transitions energies, can be calculated in the framework of the envelope

function model. (2'34) Good agreement between theory and experiment is

obtained for A in the range (0-100 meV), taking into account the uncer-
tainties in the sample characteristics. The SL band gap is obtained by
extrapolating the energies of the observed transition to B - 0. Figure 4

shows the SL band gap deduced from such experiments in four different

samples at 2K. The solid lines in Figure 4 represent the theoretical

dependence Eg(dl) calculated for d2 a 20, 30 and 50A using A = 40 meV.
(35 )

Experiments and theory are in very satisfying agreement, when A is small

and positive.

]s I I

2030 T= 2K

A:t 40meV

LO77-38 
3

0 s0 100 150 200
di (A)

Fig. 4. Variation of the band gap of different hgTe-

CdTe superlattices at 2 K as a function of

the HgTe layer thickness (dl). The experimental

data are given by the solid dotr; for each

sample, the first number corresponds to dl

and the second one to d2 which is the CdTe

layer thickness. The solid lines are theoretical

fits for three values of d2 .



In order to determine the SL cutoff wavelength, infrared transmission 12

spectra were measured between 400 and 5000 cm at 300K. The absorption

coefficient (a) was calculated versus wavelength and the cutoff wavelength
-l

was defined to be the wavelength where a is equal to 1000 cm The

absorption coefficient was obtained by taking the negative of the natural

logarithm of the transmission spectrum and then dividing by the thickness

of the SL. Even though the accuracy of this kind of determination is

questionable and the value of 1000 cm- 1 for a is rather arbitrary, we have

found that the values of the cutoff determined in this way are in fairly

good agreement with those determined by photoconductivity threshold.(36 )

The bandgap. in eV, is just 1.24 divided by the cutoff wavelength in pa.

We do not mean to imply that this technique gives an absolute measure of

the bandgap. Rather, it gives a consistent, first order value. The

method is quite reproducible (within 52) and quite simple. It is also quite

useful to determine SL's HgTe layer thickness.

We have previously found that this method is not very accurate for thin

superlattices.(ll) Nevertheless, these investigations confirm that the

bandgap of the SL is less than that of the equivalent alloy and that it

decreases as the HgTe layer thickness (dl) is increased, as illustrated in

Table 3.

The theoretical value of the SL bandgap is obtained from the SL band

structure at I- 0, calculated using the envelope function approxima-

tion. (2,34) The band structures of HgTe and CdTe near the r point are

described by the 6 x 6 Kane Hamiltonian taking into account r6 and r8 band

edges. The interaction with the higher bands is included up to the second

order and is described by the Luttinger parameters Yl, '2 = 'Y3 = 
Y (spherical

approximation), and K. In this calculation it is assumed that temperature

variation of Y1 , Y and K between 4 and 300 K arises essentially from the

variation of the interaction gap co between the r6 and r8 band edges. For

a HgTe-CdTe superlattice, a system of differential equations is established

for the multi-components envelope function. The boundary conditions are

obtained by writing the continuity of the wave function at the interfaces

and by integrating the coupled differential equations across an interface.

Taking into account the superlattice periodicity, the dispersion relation

of the superlattice is obtained. From this, the superlattice bandgap as a

function of the HgTe and CdTe layer thicknesses can be found.
(2,32)



Table 3. Characteristics of HgTe-CdTe superlattice grown in the (111) 13

orientation. The superlattice bandgaps are determined from room

temperature infrared transmission.

811 HgTe CdTe SL COMPOSITION ALLOY

(A) (A) WWNGAP WWNGAP

(BeV) (meV)

1 40 20 155 0.33 335

2 40 60 225 0.60 712

4 74 36 125 0.33 325

5 97 60 100 0.38 401

6 110 48 90 0.30 295

7 86 50 114 0.37 383

8 81 34 113 0.29 281

9 53 34 167 0.39 413

10 47 30 175 0.39 412

11 83 47 117 0.36 374

14 75 31 116 0.29 281

15 58 47 162 0.45 491

16 58 28 135 0.33 325

17 63 37 145 0.37 385

18 36 61 250 0.63 757

19 50 36 180 0.42 452

22 46 48 200 0.51 581

30 107 91 92 0.46 478

31 66 91 144 0.58 684

Figure 5 presents a comparison of the experimental and theoretical

bandgaps. The solid lines correspond to the calculated dependence Eg(dl)

for d2 - 10, 20, 30, 40 and 100 A at 300K. An offset A = 40 leV (3 5 )

between the HgTe and CdTe valence band edges is used in these calculations.

There is good agreement if one considers the uncertainties in the HgTe and

CdTe parameters used in the theoretical calculation and the uncertainties

in the experimental determination of the layer thickness. For the SLs with

d2 between 35 A and 60 A, an interesting trend can be seen. For the

larger values of dl, the experimental E8 is larger than the theoretical.

For the smaller values of d1 , this is just reversid. This suggests some

sort of systematic discrepancy between the experimental data and the

r n -i-
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Fig. 5. Variation of the band gap of different HgTe-CdTe

superlattices at 300 K as a function of the BgTe layer

thickness. The samples characteristics are listed in

Table II and the experimental data correspond to the

solid circles (17 9 d2 S 24), crosses (25 A d2 S 60).

The solid lines are theoretical fits for different

values of the CdTe layer thickness (d2 ).

theoretical predictions. A similar discrepancy was seen for bandgaps
es (37)

determined by infrared photoluminescence. For this reason, we believe

that this discrepancy between theory and experiment is not due to the

experimental technique.

This discrepancy suggests that the experimental data may have a different

functional form than the theoretically predicted one. To examine this

problem more closely Ic has been plotted on Fig. 6 as a function of the

HgTe layer thickness d1 , for SLs having a CdTe layer thickness (d2 ) greater

then 40A, along with the theoretical curve provided by Y. Guldner. Using

the technique described above to determine kc, we have measured a value of

13.6pa for k€ of HgTe. We believe that this is the limit of the technique.

A least squares fit was performed on the data to determine the equation

of the relationship between kc and d1 . Both linear and quadratic terms in

dl were included In the fit. The coefficient of the quadratic term was

found to be 4 orders of magnitude smaller than the coefficient of the

linear term. The resulting linear relation was:

le (Pm) = 0.1184 dl (A) + 0.78

The solid line in Figure 6 corresponds to this equation. If the line Is

NMI -... . ..



extrapolated back to dl 0, a value of c = 0.78%an is obtained. The Ic 15

of CdTo should be about 0.83ps. This is in reasonable agreement with the

value obtained by extrapolation of our equation. This linear relation

between the cutoff wavelength and the IgTs layer thickness Is not predicted

by theory as it can be seen In Fig. 6.

20
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"£ / I

- 110

0

0 25 50 75 100 125

IHgTe Layw Th~ickne AA

Fig. 6. Cut-off wavelength of HgTe-CdTe superlattices

at room temperature as a function of the

DgTo layer thickness (d2 > 40 A). The

experimental data are given by the circles

and the solid line is the linear fit. The

dotted line in the theoretical curve calculated

by Y. Guldner.

Thus we found a difference between theory and experiment in the functional

form for the relationship between Ic and d1 . This is true in spite of the

fact that theoretical predictions and experimental measurements give about

the same value for the superlattice bandgap. The cause for the discrepancy

is not clear at this time.

Infrared photoluminescence of several HgTe-CdTe SLs have been measured

as a function of temperature from liquid helium to 300K.
(3 7) The SLs were

grown on both GaAs and Cd1 x ZnxTe substrates with HgTe layer thicknesses

ranging from 22A to 85A and CdTe layer thicknesses from 18A to 62A.

Photoluminescence peak positions were observed over the range from 3pm to

17gm (E - 0.4 to 0.07eV). For SLs with HgTe layers 60A to 85A thick it is

found that the photolusinescence4 peak positions as a function of temperature

agree fairly well with the predicted bandgap using a small value (0.04eV)

for A.

For superlattices with thinner HgTe layers (22A to 45A) the predicted

bandgaps were at higher energy than the photoluminescence peak positions.



It is possible to use the cutoff wavelengths determined by IR tranami- 16

salon to go one step further in finding how X depends upon the layer
(38)thicknesses. This data can be used to determine an empirical formula

for 1. as a function of both dl and d2 . A least squares linear fit has

been performed on each of the sets of points with a similar value for d2.

The lines are shown in the Fig. 7. From these fits it is clear that the

intercept is approximately constant and is therefore independent of the

CdTe layer thickness. But the slope of the lines does depend upon d2 .

10,

o 0 40 40C 0

~S S

*CT-34
*30<CT<33

20 40 e0 s0 100 120

HgTe IsYW Thiolm (A)

Fig. 7. Variation of the cutoff wavelength of different

HgTe-CdTe superlattices at room temperature

as a function of the HgTe layer thickness.

The data is grouped by CdTe layer thickness.

The lines are least squares linear fits of

each group of data.

The slopes can then be fit to some functional form. The resulting function

of dl and d2 is

kc(pm) - [0.3666 exp(-0.0034d2) + 0.118] d1 + 0.78

V. VALENCE-BAND DISCONTINUITY

The band structure of HgTe-CdTe superlattices have been calculated by

using the LCAO or the envelope function models which give very similar

results. An important parameter, which determines most of the HgTe-CdTe

SL's properties, is the valence band discontinuity A between HgTe and

CdTe. The value of A is presently disputed.



Many models have been recently developed to calculate the band discon- 17

tinuities. For heterojunctions between compounds having the sane anion

such as tellurium it has been postulated from the phenomenological "common

anion rule" (10 ) that the valence band discontinuity A is small i.e.O.leV.

This prediction is supported by tight binding calculations. (39 )  But

recent theoretical results, based on the role of interface dipoles do not

support the common anion rule and predict a much larger value A - 0.5E.
(4 0 )

Such a large value has also been calculated recently with a natural lining-

up without any dipole contribution: 0.26eV (41 ) and 0.36eV (4 2 ).

The first experimental determination of A was obtained from far-infrared

magneto-optical experiments at T = 1.6K on a superlattice consisting of

100 periods of HgTe (180A) - CdTe (44A). The best agreement between

experiment and theory (done in the envelope function approximation) was

obtained for A - 40 meV.
(3 5)

Since then, additional magneto-absorption experiments have been performed

on several other SLs and it has been constantly found that a small positive

offset A within the limits (0-100meV) provides the best fit.
(33 )

Resonant Reman Scattering was applied recently to investigate electronic

properties of HgTe - CdTe SLs. From these experiments, it has been shown

that the r7 holes are confined in the CdTe layers which implies an upper

limit of 120 meV for A.
(43

)

As we discussed before, IR photoluminescence measurements agree fairly

well with predicted bandgaps using a small value for A.

On the other hand, photoemission has been demonstrated to be most valuable

for providing direct and microscopic understanding of heterojunction band

discontinuities. (44)

Figure Ba illustrates schematically the principle for measuring A = AEv

at the interface between two semiconductors A and B with XPS. If AEv is

small (S 0.5 eV), as for the Te-based heterojunctions, a direct investigation
A Bof the valence-band edges, E vand E , is unrealistic. Indirect measurement

involving core levels have to be used. By selecting two core levels, c

KB
and Ecl well resolved in energy and by measuring their energy difference

AEcl across the interface, AEv can be directly deduced according to the

following relation [see Fig. 8b].
(4 5 '46

)

AKv(A-B) - (E1 (A-B) + - - (Ecl (

E 1 - E,, the binding-energy (BE) differences between the core level and

the top of the valence band for each semiconductor, are determined indepen-

dently on the bulk semiconductors. All information pertinent to the

interface in relation (1) are clearly contained in AEc (A-B).

cl
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Fig. 8. Principle of determining AEv = A with XPS.

(a) By irradiating with X-rays semiconductor

A covered by overlayer of semiconductor B,

XPS spectra of both semiconductors are

recorded if overlayer thickness is smaller

than electron escape depth. (b) Schematic

flat-band energy diagram illustrating relation

(1).
A was neasured recently by XPS and a large value A - 0.35 eV was ob-

tained. (45)  This value was determined from a unique sample, grown in one

chamber and analyzed in another chamber after exposure to air.

In order to clarify whether there is a discrepancy between optical and

XPS data and also in order to verify the comnutativity rule not obtained

for the GaAs/AlAs system we have performed very careful XPS measurements

under well controlled conditions.

The investigated interfaces have been grown in situ by molecular-beam

epitaxy with a RIBER 2300 system. Epitaxy came out in the (111) orientation

with Te-rich face as controlled by reflection high-energy electron diffraction.

Linearity test as well as meaningful comparison with theory requires

interfaces to be abrupt at the atomic scale. Thus the growth temperature

was maintained at 1900C, a temperature known to give no interdiffusion

-4 .AN
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across the interface when growth time is short. Moreover, the interface 19

abruptness is inferred from the exponential attenuation with overlayer

thickness of the substrate XPS peak.

The samples were directly transferred to the attached spectrometer,

at a pressure of 10 10 Torr, without transiting through the air. No conta-

mination occurs, avoiding any cleaning procedure. The XPS spectrometer in

a SSX-100 model from Surface Science Laboratories using a monochronatized

and focussed Al, U excitation line. The overall energy resolution measured

on Au4 f line at a binding energy of 83.93 eV is 0.7 eV. The core

levels s;Tlcted in this work are the resolved spin-orbit components Cd4dfigd 5/2'
'95d 5  •

He nearly lattice-matched 8gTe-CdTe(TTI)B heterojunctions have been

investigated here in great detail. Figure 9 shows the results for AEcl ,

the binding-energy difference between E Cd4d and E g5d , at different

overlayer thicknesses for the two reverse-g zw h orders. 5 Ecl is found to

be independent of the overlayer coverage. Meanwhile the Fermi-level

position at the interface is varying by 0.2 eV with coverage. This lack

of sensitivity of LEV toward interface Fermi-level position, as previously

reported for GaAs-Ge, (4 7) provides the first hint of linearity, in suggesting

a AEv "pinning" by the alignment of some reference levels across the

heterojunction. Second, AEcl is identical for the two growth orders and

equal to 2.696 j 0.030 eV. The experimental uncertaintly is given by the

standard deviation, 6, for the measurements.

2.9
E

c d T* _ HgTo
S2ECd4d - EHgS

2.8 51d~2  Hs 5 /2
LU 0

2.7 & 0 0Oo

2.6 T

10 20 30
THICKNESS OF HgTe (e) or CdT. (o) (A)

Fig. 9. AEcl accross HgTo-CdTe interface as a function

of growth order and coverage (open oval,

CdTe over HgTe; filled oval HgTe over CdTe).

To obtain (Ecl - Ev) used in relation(l), Ev is simply located by linear

extrapolation of the valence-band leading edge. Thi; procedure is well

Justified by the close similarity of the band structure of the tellurides

near Ev [see Fig. 10]. It is quite accurate as shown by the a over numerous
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Fig . 10. Linear extrapolation of valence-band leading

edge locates the same characteristic feature

of the bands taken as Ev .  The spectra are

shifted to align FEv .

Then AEv - A derived for HgTe-CdTe is: 0.36 ± 0.05 eV.o(4 8 ) 
This value

compares very closely with ref. 45. Hence the discrepancy of XPS with

magneto optical data is confirmed but not understood at the present time.

Magneto-optical data at 2K as well as the infrared transmission measurements

that we have performed at 300K cannot be interpreted by using such a large

valence band offset either in the envelope function model or in the LCAO

approach. In fact, most of the investigated SLs are calculated to be

semimetallic at 4K for A = 0.35eV which is not compatible with the magneto-

optical data. It should be pointed out that XPS measurements were carried

out at 300K on single and perfectly abrupt heterojunctions whereas magneto-

optical, RRS and IR photoluminescence are performed at low temperature on

multijunction structures where some interdiffusion cannot be completely

ruled out.

In addition, if an appreciable amount of mercury is incorporated during

the growth in the CdTe layers that could change the theoretical calculation

for Eg and hence the fitting parameter which is precisely the valence band

offset.

XPS measurements are currently undertaken in the laboratory on multi-

layered structures grown under the same conditions than superlattices in

order to shed some light on this discrepancy.

The present center of the theoretical debate on the understanding of

A is the role played by dipoles at the interface. The core level to valence

band maxima binding energy shifts have been measured by XPS for Hgl_



Cd.To alloys. Due to small charge transfer and core level shifts, 21

these shifts are mainly due to valence band maximum shifts. We found that

the sum of the valence band shift for HgTo and CdTe in Hgl CdxTe is

constant for the entire range of the alloy composition x and equal to 0.35

eV. This value coincides exactly with the valence band discontinuity

measured for HgTe-CdTe heterojunction. Therefore we conclude that there

is no need for interface dipole to explain the large valence band offset

in agreement with another investigation performed on the alloy HgO.7Cd 0.3_

Te. (50)

VI. TRANSPORT PROPERTIES - TYPE Ill-TYPE I TRANSITION

One of the most interesting unanswered questions of HgTe-CdTe super-

lattices is the mobility enhancement in the p-type structures. Hole mobilities

have been reported as high as 30,000 cm2 /V.sec, but all are above 1,000

cm2 /V.sec. Mixing of light and heavy holes has been suggested for the

enhancement of the hole mobilities. (17 ) Several theoretical investigations

have been carried out to study this problem. The band structure calculation

has been refined using a multi-band tight binding model(51) and the effect

of the lattice mismatch between the HgTe and CdTe has been investigated. (51.52)

These studies conclude that the light holes should not contribute to the

in-plane transport properties.

In order to investigate this interesting problem we have grown related

superlattice systems i.e., Hgl_xCdxTe-CdTe, Hgl_x MnxTe-CdTe and Hgl_xZnxTe-

CdTe. HgTe-CdTe is called a Type III superlattice because of the inverted

band structure of HgTe. In Hg1 _xCdxTe-CdTe SL system at T - 77K when x is

smaller than 0.14 it is a type III SL. Whereas, when x is larger than

0.14 it is a Type I SL, similar to GaAs-AlGaAs SL, since HgCdTe is now a

semiconductor with both electrons and holes confined in the smaller bandgap

material [see Fig. 11].

This Type III - Type I transition is also expected to occur in Hgl_xMnxTe-

CdTe SLs for x - 0.07-0.08 and in Hgl_xZnxTe - CdTe SLs for x - 0.10-0.12

(the effect of the strain has not been taken into account).

Near the transition, strain, valence band offset, alloy disorder, native

defects, compensation are the same in Type III and Type I superlattices.

The only difference is the existence of interface states in type III

SL but not in Type I SL.

.
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Fig. 11. Band structure of bulk HgTe, CdTe and HglxCdxTe

illustrating Type III and Type I SL configura-

tion.

In table 4 the Hall characterization of several SL samples is reported.

It is interesting to note that if for Hgl_xCdxTe/CdTe and Hgl_xZnxTe/CdTe

SL systems p type superlattices have been grown none of the Hgl_x MnxTe-

CdTe SLs are p-type. This difference along with the continuous drop of

the electron mobility is not currently understood since n and p type Hg

xMnxTe layers have been grown by MBE with high electron hole mobilities. (5_)

Table 4 and Fig. 12 show that the hole mobility drops drastically between

.... 2n~oo

3000-

T" NCdTSICdTe SL. HgZnTe/CdTe SL.
72000 - 10000

5000
Type 01 Type l Type I

A. 300 
Type II

___________________ 50I

0.1 0.2 X v"ae 0.1 0.2 X vakie

Fig. 12. Hall mobility for holes in Hgl_xCdxTe-' ITe

and Hgl_,ZnxTe-CdTe Type III and Type I SLs.

Type III and Type I. (More Hgl_x ZnxTe-CdTb SLs should be investigated in

the Type I region since only one is reported). All these superlattices

have been grown in the (111)B orientation on GaAs(lO0) substrate. It has

been previously reported (1 3 ) that HgTe-CdTe SLs grown on GaAs exhibit lower

I



p-type mobilities (PH - 103-104cm2V-1s-1 range) than those grown on CdTe 23

or CdZnTe (PH: lO4-105cm21 range). If the same tendency is observed

for Hgl_xCd.Te-CdTe SLs it is not the case for Hg-x ZnxTe-CdTe SLs since a

hole mobility as high as 2 x 104cm2V-ls- 1 is observed for sample #48688.

In this system a uniaxial compressional strain which exists in Hg, xZnX Te

layers could play a role in the hole mobility by pushing up the light hole

band.

In comparison hole mobilities in Type I are in the 102-103cm2V-ls
- 1

range, or even lower, which is the usual range for p type Hgl_xNxTe alloys.

Thus we are dealing with a hole mobility enhancement in Type III SLs and

not a hole mobility decrease in Type I SLs. This strongly suggests that

the mobility enhancement is related to the presence of the interface

states since it is the only change occuring during the transition. It is

not surprising that no sudden change in the electron mobility is observed

in n-type Hgl_MnxTe-CdTe SLs since the interface states involved in the

transition have a light hole character and are not supposed to affect the

mobility of electrons.

Table 4. Characteristics of Hgl_xNxTe-CdTe (N = Cd, Mn or Zn) superlattices

grown at 1901C on CdTe(lll)/GaAs(l00) substrates. The Hall

mobilities were measured at 30K except for sample No. 18124 which

was measured at 10K. D1 = Hgl_xNxTe layer thickness; D2 = CdTe

layer thickness; n = numbers of periods; x = Cd, Mn or Zn composition

in Hgl_xNXTe layers.

D1  D2  n PH

SL System Type Sample x (A) (A) (cm2V-sa- 1)

11 18124 0 70 45 70 p-2.5x10 3

III 20539 0.01 82 34 120 p-l.8x10 3

HglxCdxTe/ IV 20842 0.08 70 32 100 p-2.5x10 3

CdTe I 20943 0.16 70 40 100 p-3.5x10 2

I 18929 0.23 48 22 90 p-l.3xl0 2

I 18728 0.27 69 22 100 p-5 x 10

III 41880 0.04 168 22 100 n-2.7xlO4

III 42281 0.05 69 26 105 n-l.5xl04

Hgl_xMnxTe/ III 4169 0.07 86 14 100 n-5.6xlO 3

CdTe I 32064 0.09 76 40 150 n < 102

I 32266 0.13 66 46 150 n < 102

i •
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III 47685 0.011 56 29 150 p-4.7x103  24

III 49092 0.038 109 37 150 p-3.6x10 3

III 48187 0.064 170 p-5.4x10 3

III 48789 0.077 150 p-6.0x103

Hg1 _xZnTe/ III 48991 0.082 150 p-7.6x1O3

CdTe III 47886 0.086 150 p-l.2x104

III 48688 0.103 85 30 150 p-2.0x104

I 46982 0.120 150 p-6 x 10

Hole mobility enhancement has also been observed recently in p-type HgTe-

Hg1 _xCdxTe single heterojunctions
(54 ) where Hgl_xCdxTe is a p-type semicon-

ductor. This enhancement was expected since such heterojunction has a

Type III interface. The Hall mobility at about 30K of some p-type HgTe-

Hgl_CdxTe heterojunctions and Hgl_xCdxTe alloys are shown in Table 5. The

heterojunctions which contain a thin layer of HgTe between the alloy and

the CdTe buffer layer exhibit higher mobilities than the epitaxial layers

grown without any HgTe layers.

Table 5. Mobilities of some HgTe-Hgl_xCdxTe heterojunctions and HglxCdxTe

alloys at about 30 K.

Sample x dHgTe (A) PH(cm2 /V sec)

1 0.20 80 1000

2 0.21 60 1000

3 0.20 70 1200

4 0.28 75 1800

5 0.30 85 1100

6 0.33 70 1200

7 0.20 0 560

8 0.25 0 400

9 0.30 0 400

We have made magneto-transport measurements on both Type III SLs and

heterojunctions in magnetic fields up to 22 tesla and temperatures as low

as 0.5K. Details have been published elsewhere.(5 5)  The observation of

the Shubnikov-de Hass oscillations in HgTe-CdTe SL (sample #SLI) and

Hgo. 9 2Cd0.0 8Te-CdTe (sample #20842) implies that the hole mobilities are

high. We have shown that carriers are in the HgTe or Hgl_xCdxTe layers of



the superlattices. Our results determined under identical conditions at 5 25

tesla are a* - 0.30 and 0.36, respectively, for the two superlattices

which are consistent with heavy-hole effective masses in this ternary

alloy. Nevertheless, it should be pointed out that the effective mass of

holes might be lighter at lower magnetic field where Hall measurements are

performed. Indeed, a strong magnetic field dependence has been observed

on high hole mobility and from the SL band diagram (33 ) it can be seen that

the curvature of both the heavy hole and interface state bands change much

in I space.

The Quantized Hall Effect (QHE) has been observed in both Type III p-

type superlattices and heterojunctions, confirming the existence of 2D

hole gas at the interface. (56) Fig. 13 shows pxxand pxy for a HgTe-HgO. 72-

Cd0 .28Te heterojunction at 0.5K. The first quantum oscillation for pxx is

observed at 0.7 tesla. Using the condition PHB = 104 required for observing

quantum oscillation one can deduce that pH - 1.4 x 104cn2V-s- 1 i.e., one

order of magnitude larger than what we are measuring by conventional Hall.

This is giving credit to the existence of multi carriers in these structures.

The same phenomenon has been observed in g0 .9 2Cdo. 0 8Te - CdTe SL. Hall

measurement indicates a hole mobility of less than 2 x 103cm2V-l -1 at 0.5

tesla where the first quantum oscillation is observed indicating that PH

should be equal to 2 x lO4 cm2V-ls- 1 This mixed conduction could explain

the apparent difference in hole mobilities between SLs grown directly on CdTe

or CdZnTe substrates and those grown on GaAs.

Soo 60000

400 48000

300 36000

200 24000

10 1200

0 .0
4 8 12 16 20 24

TESLA

Fig. 13. The pxx and pxy of a HgTe-HgO.7 2Cd0 .28 Te

heterojunction at 0.5 K.

The CdTe buffer layer grown on GaAs could be responsible for this

difference. Charge transfer at the CdTe-HgCdTc interface involving deep

traps in the CdTe buffer layer has been observed recently.
(57 )

Concerning the QHE reported in Fig. 13 if the Hall resistance at 2.1



tesla corresponds to I = 2 then I = I should be at 4.2 teala and I = 1/3 26

should be at 12.6 tesla. We observe the I - 1 Quantized Hall Plateau of

about 25.820 ohms between 4 tesla and 13 tesla. Our analysis concluded

that these features cannot be explained by sample inhomogeneity but could

be explained by a magnetic field dependence of the carrier concentration.
(56 )

VII. CONCLUSION

In this paper we have reported on very recent developments concerning

the growth and the characterization of Hgl_xCdXTe-CdTe SLs and related Bg

based superlattice systems.

These SLs are now currently grown on CdTe, CdZnTe or GaAs substrates.

The success of the opitaxial growth on the later substrate represents an

important opening due to the high crystal quality of GaAs, its availability

in large area and its interest for electronic devices. The only concern

with GaAs Is its large mismatch with HgTe and CdTe which could generate,

even after growth of a buffer layer, some residual strain in the superla-

ttices.

The thermal stability of the HgTe-CdTe interface has been investigated

through temperature-dependent In situ X-ray diffraction measurements and,

despite the dispersion in the results, it turns out that the interdiffusion

cannot be neglected for thick superlattices grown at 185,C. This has been

confirmed by probing two thick suporlattices grown on GaAs using throe

different X-ray wavelengths. The softest wavelength produces the cleanest

and the best diffraction spectrum emphasizing that the top of the SL has

the sharpest interfaces.

A comparison between the experimental room temperature bandgaps and the

theoretical predictions from the envelope function approximation has been

presented. There is a good agreement when the valence band offset A is

taken equal to 40 meV. Nevertheless, a systematic discrepancy between the

experimental data and the theoretical predictions is observed suggesting

that the experimental data may have a different functional form than the

theoretically predicted one. We have presented an equation relating Xc

and d1 for HgTe-CdTe SLs when d2 a 35A. Because the method of determining

k€ is rather simple, this equation makes it possible to determine d1

quickly and easily as long as d2 is greater than 35A. This is very useful

to anyone growing HgTe-CdTe superlattices, since in the absence of RHEED

oscillations it is difficult to know the layer thicknesses. This linear

relation was not predicted by theory. We have proposed an empirical

formula for kc as a function of both d1 and d2

2
xc(pm) [ [0.366 exp (-0.0034 d2) + 0.118]d1 + 0.78
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The value of the valence band discontinuity A is presently disputed both 27

theoretically and experimentally. The phenomenological "common anion

rule" postulates that A is small, i.e. < 0.1 eV and this value is sup~irted

by msagnetooptics, Resonant Raman Scattering, IR photoluninescence and IR

transmission experiments. On the other hand, a much larger value of 0.5

eV has been calculated based on the role of interface dipoles. XPS experiments

carried out on single heterostructures HgTe/CdT& and CdTe/HgTe agree with

a large value of 0.36 eV for A.

But XPS carried out on HglxCdxTe alloys have shown that there is no

need for interface dipole to explain the large valence band offset. The reason

of such a discrepancy in the value of A is still not clear eventhough

several hypothesis are currently under investigation.

The Type III - Type I transition has been investigated in p-type Hg1 -

xCdxTe-CdTe and Hgl_ZnTe-CdTe SLs. It is reported that the hole mobility

is drastically enhanced in Type III superlattices but also in Type III

heterojunctions. Such mobility enhancement which is not due to modulation

doping as in the GaAs-Ga 1 xAlxAs system in attributed to the presence of

interface states in Type III structures. A comparison between Hall data

and magneto transport measurement concerning the value of the hole mobility

indicates that multi carriers could participate to the transport properties

in these structures.

The Quantized Hall Effect has been observed in these Type III hatero-

structures. The large Hall plateau seen between 4 tesla and 13 tesla in a

HgTe-Hgo.7 2Cdo.28Te heterojunction could be explained by a magnetic field

dependence of the carrier concentration.

All these recent investigations confirm once again the specific and

fascinating character of these novel microstructures.
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